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ABSTRACT
INTEGRATED STRUCTURAL AND FRACTURE ANALYSIS
OF LISBON VALLEY SALT ANTICLINE, UTAH
Matthew W. Fleming, M.S.
Department of Geology and Environmental Geosciences
Northern Illinois University, 2015
Mark P. Fischer, Thesis Director

The Lisbon Valley Anticline is one of several NW-trending, salt-cored anticlines in the
Paradox Basin of eastern Utah and southwestern Colorado. These structures formed when
evaporites of the Paradox Formation were subjected to differential loading by southwestwardprograding sediment that was shed from the Uncompaghre Uplift during the Pennsylvanian to
Jurassic. This study combines fieldwork with isotopic analysis of veins and host rocks, well-logs
and seismic data to create an integrated interpretation of the architecture and origin of the fracture
and paleofluid systems in the Lisbon Valley Anticline.
Seismic data indicate that the Lisbon Valley Anticline localized above four faults, one
partially inverted normal fault and three normal faults that cut the underlying Mississippian
basement. Although all four faults trend NW-SE, the eastern two faults appear to curve and
terminate against the straight, westernmost faults, forming a complex relay structure. Passive
diapiric growth of an elongate salt pillow above this basement structure initiated the salt-cored
anticline, which was subsequently cut during Cenezoic extension by the northeast-dipping, listric,
Lisbon Valley fault. Fieldwork reveals that there are three systematic fracture sets throughout the
structure: one strike-parallel, one cross-strike, and one locally present strike-oblique set. Structural
analysis and the absence of similarly oriented fractures in nearby flat-lying rocks suggests all of the
fracture sets are related to the evolution of the Lisbon Valley structure. Veins are rare in the area,
but carbon and oxygen stable isotopic results suggest veins formed from an external fluid source
and that fractures played an important role in transmitting and compartmentalizing fluids in the

suprasalt section. Structural modeling and strain analysis predict similar fracture characteristics to
what was documented during fieldwork.
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CHAPTER 1
INTRODUCTION

1.1 Fracture-Controlled Fluid Systems
A fracture is a surface within a body of rock where there is a loss in continuity and
therefore a loss in rock strength (Van Der Pluijm and Marshak, 2004). Fractures occur on a range
of scales from grain-scale to continental-scale, and will grow in orientations that are controlled
by the regional and local stress field. Three modes of fracture displacement are commonly
recognized by geologists and are illustrated in Figure 1.1. Mode 1 fractures, often referred to
as joints, occur as a result of local tensile stresses at irregularities in the rock such as fossil
fragments, bedforms, and intraclasts. At depth in the Earth, joints grow in a direction that is
parallel to the local maximum principal compressive stress direction. Mode II and III fractures,
or faults, form when shear stresses exceed a critical combination of rock strength and local
normal stress.
Depending on the mode of formation, fractures provide excellent conduits or barriers
to fluid migration in the Earth’s subsurface (Smart et al., 2009; McFarland et al., 2012). In
fractured rock, the rock matrix typically provides the storage volume, whereas the fracture
system primarily controls the bulk rock mass permeability (Odling et al., 1999). Fluid systems
in regions with abundant, hydraulically conductive joints may therefore be homogenized,
and contain similar fluids throughout. In contrast, fluid systems in regions with abundant,
impermeable faults may be compartmentalized, and contain isolated pockets of fluid with
distinct properties. Thus, in fracture-controlled fluid systems, fluid migration and distribution are
primarily controlled by the properties of the individual fractures and the overall fracture network.
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(Joints)
Figure 1.1- Fracture displacement modes.

(Faults)
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These systems can be difficult to understand due to the heterogeneous nature of natural fracture
networks (e.g. La Pointe and Hudson, 1985; Odling et al., 1999; Narr et al., 2006). Fractures may
form in clusters or swarms that are separated by areas with a relatively small number of fractures,
or fractures may be more or less homogeneously distributed throughout a rock mass. Fractures
of different types may preferentially occur in one place or another, or at different times in the
geological history of a region. Factors that control fracture development include lithology, layer
thickness, proximity to faults, and structural position on folds. At scales of hundreds of meters
to tens of kilometers, the spatial and temporal variability of these factors can lead to fracture
networks that likewise exhibit a high degree of spatial variability in style (i.e., mode), timing and
geometry.
By studying and interpreting the spatial variability of fracture network properties such as
timing, geometry, orientation and style, it is possible to interpret the development of a fracturecontrolled fluid system within or near a larger geological structure (Smart et al., 2009). Fracturecontrolled fluid systems associated with folds have been documented in various geological
settings (e.g., Bradbury and Woodwell, 1987; Oliver et al., 1993; Jamison, 1997; Janssen et al.,
2007; Berwouts et al., 2008; Fischer et al., 2009). Berwouts et al. (2008) studied seven different
vein sets in the Monts d’Arree slate belt in Brittany France to examine the regional fluid flow
through a network of open fractures. The fluid system was interpreted by conducting a detailed
structural analysis and by analyzing geochemical properties of the veins using fluid inclusion
microthermometry and stable isotopic data. The study concludes that as deformation progressed,
fluids were expelled, and the chemistry of the fluids evolved due to changing redox conditions.
Additionally, vein distribution and abundance relates directly to the progressive deformation of
the Monts d’Arree slate belt, suggesting that fluid-flow occurred primarily in the temporarily
open network of fractures.
Fluid flow along large-scale faults has been documented in the Paradox Basin,
particularly along the basin-scale Moab Fault (Nuccio and Condon, 1996; Foxford et al., 1996
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and 1998; Chan et al., 2000; Davatzes et al., 2003 and 2005; Johansen et al., 2005 and 2008;
Eichhubl et al., 2009). Diagenetic calcite cements are found along the fault in highly jointed fault
segments and are interpreted to have precipitated as a result of fluid flow in these areas (Eichhubl
et al., 2009). Fluid inclusion and stable isotopic data from the diagenetic calcite cements suggest
that a warm, saline brine ascended the fault and interacted with relatively shallower meteoric
water (Chan et al., 2000; Eichhubl et al., 2009). More recent studies by Bergman et al. (2013)
used clumped isotope thermometry to document the spatial variation of the diagenetic calcite
cement-forming fluids along the fault. Their findings show that intensely jointed zones where
fault intersections occur facilitated rapid down-fault migration of relatively cool surface waters.
In contrast, areas of the fault associated with deformation bands restricted fluid flow and
compartmentalized fluids.
1.2 Fracture-Controlled Fluid Systems in the Vicinity of Salt Structures
		In comparison to fluid-systems around map-scale folds and faults, fracture-controlled
fluid systems around salt structures have received comparatively little attention. A salt structure is
defined as a body of evaporite minerals and any rocks incorporated into the evaporate succession
that have been deformed, causing discordant or concordant contacts with overlying and adjacent
rocks. Although salt structures can form in a variety of shapes and sizes (Figure 1.2), they are
often generally referred to as diapirs. Salt structures serve as important hydrocarbon traps in
places like the Gulf of Mexico, Campos and Santos Basins, and North Sea (Mancini et al., 2001;
Dribus et al., 2008; Jackson et al., 2010; Clemente, 2013), they have also been considered as
nuclear waste repositories (Chemia, 2008), and can house substantial ore deposits (Morrison
and Parry, 1986; Breit and Meunier, 1990). Most of what we know about their associated fluid
systems comes from the analysis of fluids recovered during hydrocarbon exploration (e.g., Esch
and Hanor, 1995; Kloppmann et al., 2001; Bruno and Hanor, 2003; Steen et al., 2011) or from
numerical modeling (e.g., Evans et al., 1991; Wilson and Ruppel, 2007; Magri et al., 2009).
		

The unique mechanical and hydrological properties of evaporate successions (hereafter,
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Figure 1.2- Illustration showing different types of salt structures (Jackson and Talbot, 1991).
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“salt”), combined with the unusual halokinetic processes associated with salt emplacement,
lead to complex fluid system behavior and structure in the vicinity of salt bodies. As salt
flows, it can fold, fault, and create localized unconformities in the surrounding stratigraphy,
producing structural and stratigraphic traps as well as affecting the distribution of permeable and
impermeable units (Giles and Rowan, 2012). Salt is also an excellent conductor of heat, which
can affect the thermal maturity of the rocks surrounding a salt structure, and potentially lead to
hydrocarbon generation (Hudec and Jackson, 2007). Salt dissolution caused by migrating fluids
near salt structures can cause density differences that result in complex fluid circulation patterns
(Ranganathan and Hanor, 1988; Evans et al., 1991). Additionally, the emplacement of warmer,
deep, overpressered fluids can cause thermohaline fluid convection and initiate upward fluid flow
when pore fluid salinity is high (Evans and Nunn, 1989).
1.3 Formation of Salt Structures: Key Processes Affecting Salt-related Fluid Systems
		Salt tectonics is the process of deformation involving salt. This deformational process
is generally known as diapirism, and leads to the creation of salt structures (Hudec and Jackson,
2007). Diapirism is largely a consequence of the fact that salt is a low density (2200 kg/m3),
weak material that easily flows as a viscous fluid under small stresses (Jackson and Vendeville,
1994). Because of this, early researchers (e.g., Trusheim, 1960) argued that density contrasts
between the salt and overlying sediments were primarily responsible for driving salt flow.
Diapirs were thought to actively force their way to the surface in response to buoyancy forces,
pushing aside and breaking overlying and adjacent rocks along the way. More recent work has
shown that buoyancy forces play a minor role in diapirism, and that flow is instead driven by
elevation and pressure head differences within the viscous salt, and resisted by frictional forces
along the margins of a salt body (Hudec and Jackson, 2007).
In the modern view, salt motion does not actively drive salt tectonics; the salt instead
reacts passively to outside forces such as differential loading, tectonic compression or tectonic
extension (Jackson et al., 1994; Ge et al., 1997; Warsitzka et al., 2013). During regional
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extension of a salt basin, diapirs will pass through three distinct stages of diapirism (Figure 1.3;
Vendeville and Jackson, 1992a). As regional extension takes place, the overburden thins and
normal faults form. Salt then reacts to the extension by passively filling in the space created by
the thinned overburden and faulting, producing a reactive diapir. When the overburden becomes
too thin, the diapir, driven by fluid pressure, actively lifts the remaining thinned roof and pierces
the surface. This stage represents an active diapir. Now at or very near the surface, the diapir
grows by down-building of sediment into adjacent minibasins where salt has been evacuated.
This stage represents a passive diapir.
Passive diapirs can also form during progradational loading of sediment in a basin. This
occurs when the thickness or density of the overburden varies laterally causing the thickest and/
or most dense sediments to sink. The sinking of sediments in one part of the basin causes the
underlying salt to be expelled laterally. This is common along the margins of terrigenous clastic
basins where alluvial fans or deltas cause progradational loading of sediments (Ge et al., 1997).
Multiple authors have experimented with sandbox models of progradational sediment
loading above a layer of salt (Jackson and Cornelious, 1987; Talbot, 1992; Vendeville et al.,
1994). Ge et al., 1997 produced a series of sandbox models that demonstrated how passive
diapirs initiate above a stepped basement during progradation of sediment (Figure 1.4). As
sediment progrades into the basin, salt begins to move laterally until it encounters a basement
step. At this point, salt is forced upwards, accumulating a thicker section of salt and forming an
asymmetric salt anticline. Extension along the outer arc of the salt anticline forms crestal faults
which initiates reactive diapirism. As progradation continues, the diapir eventually evolves into
a passive salt wall or stock. Meanwhile, a new salt anticline begins to grow further basinward
above the second basement step. Therefore, the diapirs are progressively younger in age as you
move further from the progradational sediment source. This process then repeats itself depending
upon the number of basement steps and the duration of progradation of sediment.
In salt basins affected by tectonic compression, the mechanically weak layer of salt
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Figure 1.3- Three stages of diapir growth in an extensional tectonic setting. From Vendeville and
Jackson (1992a).
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Figure 1.4- Model showing the progression of passive diapirism over a stepped basement caused
by a prograding sediment wedge. (a) As the wedge progrades into the basin, the differential
loading of sediment drives lateral salt migration. (b) A salt anticline is initiated above a
basement step and (c) eventually evolves into a salt wall as a second salt anticline grows over
the second basement step. (d-f) As long as progradation of sediment continues, the second salt
anticline evolves into a salt wall and both diapirs continue to evolve throughout the duration of
progradation. From Ge et al. (1997).
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acts as a detachment surface for fold and thrust belts to form in the overlying rock sequence
(Hudec and Jackson, 2011). As the overburden is folded and faulted, the underlying salt moves
passively into the spaces created by faults and in the cores of folds. Due to the efficiency of the
detachment, the thrusts that are produced in this setting tend to extend further into the foreland
than do thrusts in basins without salt. Examples of fold-and-thrust belts in salt basins are the Jura
Mountains and Sierra Madre Oriental.
1.4 Salt-Sediment Interaction During Diapirism
During passive diapir growth, complex stratigraphic sequences form adjacent to the
diapir and are known as halokinetic sequences (HS) (Giles and Lawton, 2002). These sequences
are unconformity-bound successions of thinned and folded strata that form as drape folds along
the flanks of steep to vertical diapirs and allocthonous salt. Giles and Rowan (2012) identify
two end-members, hook and wedge halokinetic sequences (Figure 1.5). The sequences form
as a result of the interplay between diapir rise rate and sediment accumulation rate. When
diapir rise rate exceeds sediment accumulation rate, hook HS form. In contrast, when sediment
accumulation rate exceeds diapir rise rate, wedge HS form. When a series of hook or wedge
HS are stacked, they form composite halokinetic sequences (CHS) (Giles and Rowan, 2012).
A series of stacked hook HS form tabular CHS and a series of stacked wedge HS form tapered
CHS (Figure 1.6). These features have been recognized at the surface in La Popa Basin, Mexico,
and in seismic on the Auger diapir in the Gulf of Mexico (Figure 1.7; Giles and Rowan, 2012;
Hearon, 2014). Tabular CHS are characterized by having a smaller zone of deformation (50200 m), >70° angular discordance, debris-flows, and abrupt facies changes within the rocks
flanking the diapir (Figure 1.8; Giles and Rowan, 2012). Tapered CHS are characterized by a
larger zone of deformation (300- 1,000m), lower angular discordance, and more gradual facies
changes in the rocks flanking the diapir (Figure 1.9; Giles and Rowan, 2012). These features add
a level of complexity to the properties and spatial variability of the rocks adjacent to the diapir.
Unconformities, facies changes, and fracturing of the rocks controlled by the HS can have a
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Figure 1.5- Hook and Wedge end-member halokinetic sequences (HS). From Giles and Rowan
(2012).

Figure 1.6- Tabular (a) and Tapered (b) end-member composite halokinetic sequences (CHS).
From Giles and Rowan (2012).
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Figure 1.7- Seismic reflection image of the Auger Diapir in the Gulf of Mexico with interpreted
composite halokinetic sequences (CHS). From Hearon (2014).
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profound effect on the fluid system.

1.5 Previous Studies of Salt-related Fluid Systems
Previous studies have shown that fluid systems in basins containing salt structures have
been altered due to the presence of salt (Evans et al., 1991; Bruno and Hanor, 2003). To better
understand these processes, three different types of research, numerical modeling, analysis of
subsurface data, and a combination of field work and geochemistry, have been employed.
The potential impact of seafloor relief and salt morphology on the subseafloor
thermohaline convection patterns and fluid flow across the seafloor was numerically modeled
by Wilson and Ruppel (2007). Their 2-D finite element model is based on a 5 km long, high
resolution, multichannel seismic line that runs across a mud mound in the Garden Banks lease
block in an east- west orientation. Below the mud mound is a series of faults that are related to
an underlying salt structure. Taking into account thermal and chemical processes at this location,
the author’s models suggest that the combined effects of the salt structure and seafloor relief can
potentially drive long-term free convection across the seafloor. Models without salt show that
geothermal convection and seafloor relief can drive stable long-term fluid flow. Models with
salt show that haline convection may cause fluid migration to be an order of magnitude faster
than geothermal flow. However, haline convection shuts down when brines form and stabilize at
depth. Although haline convection diminishes over time, the focusing of heat flow through the
salt structure provides a long-term driving force for deeper-seated convection that likely never
reaches the seafloor. Even though haline convection will eventually reach a point where it is no
longer a factor, the shallow geothermal convection caused by the relief of the seafloor leads to an
overall flow system that persists well beyond the end of haline convection.
Subsurface data from wells and a 3-D seismic survey were used to investigate the fluid
migration pathways and driving mechanisms for flow on the south flank of a salt structure off
the coast of Louisiana (Steen et al., 2011). Seismic data was used to constrain the structural and
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stratigraphic nature of the area and wells provided information regarding spatial variations in
lithology, temperature, pressure, salinity, and fluid density. The study concludes that salinities
measured from SP logs and produced waters can be divided into three groups based on depth.
Salinity differences within the groups show no correlation between salinity and depth, leading
the authors to suggest that multiple aquifers are responsible and interbedded shales are acting as
fluid barriers between salinity groups. In the middle salinity group, fluids are migrating downdip away from the salt body through permeable sands. This flow is driven by dissolution of salt
near the salt body, which then causes the higher density saline fluid to be driven in the down-dip
direction. These sand layers are discontinuous on seismic data on the scale of tens to hundreds
of meters due to stratigraphic pinch outs or faulting, which results in the compartmentalization
of saline fluids that are unable to mix and homogenize with ambient marine waters. The fluid
compartmentalization also prohibits the dense, saline fluids from sinking and creating a density
stratified fluid regime.
A field-based mesostructural analysis of fractures and a geochemical analysis of vein and
host rock material allowed Smith (2010), Smith et al. (2012), and Kenroy (2013) to characterize
the fracture-controlled fluid systems of the El Papalote Diapir in La Popa Basin, Mexico and
the Onion Creek Diapir in Paradox Basin, Utah. Each study conducted a mesoscopic structural
analysis of the fractures at their respective diapirs combined with petrographic, stable isotopic,
and fluid inclusion microthermometry of veins and host rocks to decipher the fluid systems.
Both found multiple fluid regimes adjacent to the diapirs that are likely related to different stages
in the diapir’s structural evolution. Smith (2010) interpreted two fluid regimes at El Papalote
Diapir, a deeper and warmer fluid that migrated up along the flank of the diapir and an upper
fluid regime that is hyper-saline and interpreted to be a product of salt dissolution. The deeper
fluid regime is hypothesized to circulate in a convective pattern below a mudstone seal (Figure
1.10). Kenroy (2013) interpreted three fluid regimes, an upper, middle, and lower, at Onion
Creek Diapir. The upper fluid is a dominantly cool, meteoric fluid, the middle fluid is dominantly
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a mixture of warm, highly saline brines and meteoric fluids, and the lower fluid is dominantly a
mixture of warm, moderately saline brines and meteoric fluids. The combination of dense, highly
saline and gravitationally unstable fluids with less saline brines and meteoric fluids created the
interpreted circulation pattern shown by Kenroy (2013) in Figure 1.11.
Although fluid systems in the vicinity of diapirs have been numerically modeled and
naturally occurring diapirs have been studied, the understanding of fluid systems in the vicinity
of diapirs is still incomplete. This is due to the wide variety of salt structures and different
geological environments in which they form. Therefore, more research is needed in order to fill
in the gaps.
1.6 Structure and Focus of this Thesis
Studies relating structural evolution to fracture networks have been done in many
settings, but only a few have been conducted on salt-related structures. This thesis combines
fieldwork and 3-D structural modeling to test the hypothesis that fracture network properties in
the Lisbon Valley anticline are controlled by the evolution of the structure. The results of the
study are then used to interpret the fluid system that existed in the vicinity of the structure.
In Chapter 2, I first describe the 3-D structural geometry of Lisbon Valley as determined
by field observations, a published geological map and cross-sections, two proprietary 3-D
seismic surveys, and well data. These data are then used to build and restore a 3-D structural
model in Midland Valley’s MoveTM software. The restoration is used to understand the spatiotemporal evolution of Lisbon Valley, and is compared to the structural evolution described by
Ge et al. (1995). During the restoration process, strain was tracked during deformation of key
horizons and is used in Chapter 3 to predict characteristics of the fracture network throughout
Lisbon Valley. The predicted fracture properties are then compared to the fracture properties
documented in the field and by areal photographic analysis. Stable isotopic analysis of vein and
host rock material provides evidence for the relationship between fractures and fluids and is
combined with predicted fracture properties to interpret the paleofluid system around the Lisbon
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Valley Salt Anticline. Chapter 4 includes a critique of my work as well as suggestions for future
work.

1.7 Geological Setting
Lisbon Valley is situated in the Paradox Basin, which covers portions of southeastern
Utah and southwestern Colorado (Figure 1.12). The basin formed during the Ancestral Rocky
Mountain Uplift that created a series of uplifted continental basement blocks and corresponding
basins (Trudgill and Paz, 2009). During basin subsidence, the Paradox Basin was covered
by a shallow sea that deposited the Pennsylvanian Paradox Formation evaporite sequence
and Honaker Trail Formation (Figure 1.13). To the northeast, the basin is flanked by the
Uncompahgre Uplift and extends southwest to the boundary of salt deposition. The Paradox
Formation is generally thickest near the uplift and gradually decreases to the southwest,
but local thickness variations occur above a series of NW-SE trending normal faults. These
faults are believed to be extensions of Precambrian basement faults that became reactivated
during the Middle Pennsylvanian and now cut through Mississippian age rocks (Baars and
Stevenson, 1982). Mobilization of the Paradox Formation began in the late Pennsylvanian
during the deposition of the Honaker Trail Formation and continued through the Jurassic due
to progradational loading of sediment shed from the Uncompahgre Uplift (Ge et al., 1997). For
a complete stratigraphic column of the Paradox Basin, see Figure 1.14. The differential load of
sediment drove the Paradox Formation west-southwest away from the Uncompahgre Uplift.
Along the way, where it encountered the existing basement faults, salt “backed up” and low
relief salt anticlines began to form by passive diapirism. As the Paradox Formation continued
to migrate, the salt anticlines evolved into salt walls and stocks (e.g. Salt Valley, Castle Valley,
Gypsum Valley etc.) and new salt anticlines formed above basement faults further to the west
and southwest (e.g. Lisbon Valley, Cane Creek Anticline, Dolores Anticline etc.; Figure 1.15). It
is at this point where diapirism comes to an end, preserving a series of salt walls and stocks in
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Paradox Basin

Figure 1.13- Map showing the paleogeography of the western half of the United States during the
Pennsylvanian (~ 318- 300 Ma). The Paradox Basin was covered by a shallow sea that deposited
the Paradox Formation evaporite sequence and the Honaker Trail Formation. From NAU
Geology and Ancient Landscapes by Blakey and Ranney.
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Evolution of salt structures in the northern Paradox Basin
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Figure 1.15- Model showing the progression of passive diapirism in the Paradox Basin over
a stepped basement caused by a prograding sediment wedge. (a) As the wedge progrades into
the basin, the differential loading of sediment drives lateral salt migration. (b) A salt anticline
is initiated above a basement step and (c) eventually evolves into a salt wall as a second salt
anticline grows over the second basement step. Diapirism in the Paradox Basin ended after time
(c), preserving salt walls and stocks in the northeastern part of the basin near the Uncompahgre
Uplift and salt anticlines in the southwestern part of the basin. From Ge et al. (1997).
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the northeastern part of the basin, close to the Uncompahgre Uplift and a series of salt anticlines
further to the southwest. Reactivation of many of the salt structures occurred in the Cenozoic as a
response to regional extension as well as Laramide folding (Ge et al., 1995).
Lisbon Valley is situated near the Utah-Colorado border in the south-central part of the
Paradox Basin Fold and Fault Belt and has an asymmetric shape in both map and cross-section
view (Figure 1.16 and Figure 1.17). The Lisbon Valley Fault is a listric normal fault that trends
NW-SE along the length of the structure and has a maximum displacement of approximately
1,220 meters (Morrison and Parry, 1986). The fault separates Pennsylvanian through Jurassic
rocks in the southwest from younger Cretaceous rocks in the northeast. It also separates two
structural domains, the Lisbon Valley Anticline and the Lisbon Canyon Rollover Anticline
(Figure 1.18).
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Lisbon Valley

Figure 1.16- Map showing the Location of the Lisbon Valley Anticline within the Paradox Basin.
It is located inside of the blue box on the map. From the Utah Geological Survey.
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Figure 1.17- Geological map of Lisbon Valley. Cross-section B-B’ is shown in Figure 1.18. From
the Utah Geological Survey.
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Figure 1.18- Geological cross-section of Lisbon Valley. The location of the cross section is
indicated by the red line labeled B-B’ in Figure 1.17. Modified from Parker (1981).

CHAPTER 2
STRUCTURAL EVOLUTION OF LISBON VALLEY
Introduction

Faults and fractures can significantly affect fluid migration and compartmentalization
in economically important regions such as hydrocarbon provenances, and often develop
systematically as regional deformation takes place. Understanding the spatial and temporal
evolution of fractures and their physical properties requires that we first understand the evolution
of the deformation that created the fractures (Maerten and Maerten, 2006). This is typically
achieved by restoring a 2-D cross-section or a 3-D structural model by applying kinematic or
geomechanical modeling algorithms (Rowan, 1993; Rowan et al., 2003; Trudgill and Paz, 2009;
Trudgill, 2011; Rowan and Ratliff, 2012). With the current technology available in academia and
industry, structural restorations are typically carried out using computer-modeling software. In
this chapter, I use Midland Valley’s MoveTM structural modeling software to sequentially restore
the Lisbon Valley area to its undeformed state. The purpose of this is to better understand the
geometry and timing of deformation related to salt movement.
Building a 3-D geological model first requires the input of data to constrain the presentday geometry of the structure. Many different sources of data can be utilized in MoveTM to
construct a 3-D geological model. Ideally, the more data that are used, the more geologically
accurate the model will be. For this project, multiple data sources were used which include
a digital elevation model (DEM), geological map, cross-sections, bedding orientation data I
collected in the field, two 3-D seismic surveys, and borehole data containing formation top
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elevations. The resulting model was then restored to its pre-deformation state, following the
structural evolutionary path suggested by Ge et al. (1995).

2.1 Research Methodology

2.1.1 Data Sources
One of the most difficult things to do when creating a 3-D geological model is to
constrain the 3-D geometry of the structure in the subsurface. To alleviate this problem,
geologists often use seismic reflection surveys to make interpretations regarding the structural
and stratigraphic nature of the subsurface in economically and environmentally important
regions. For this project, I interpreted two, 3-D, pre-stack, time-migrated seismic surveys at
Lisbon Valley to constrain the subsurface geometry of faults and stratigraphic horizons (Figure
2.1). For data privacy reasons, I will be referring to the surveys as Survey 1 and Survey 2. The
interpretations of the surveys were completed in 3-D using OpendTectTM, a free, open-source
seismic processing and interpretation software package. Since the seismic surveys are in twoway travel time rather than depth, the interpretations of formation tops were estimated based
on the geometry and relative thicknesses of formations in existing published cross-sections
and stratigraphic columns. The formation tops that were interpreted were chosen based on
their appearance in existing published cross-sections and in the borehole data. An example of
the interpretation from Survey 1 is shown on a 2-D in-line in Figure 2.2 and on a time slice in
Figure 2.3. Survey 1 was then imported into MoveTM to aid in the construction of the 3-D model.
Unfortunately, Survey 2 proved to be incompatible with MoveTM and could not be imported.
Seismic reflection data recorded in two-way travel time does not record the actual depth
of stratigraphic horizons and therefore a time to depth conversion of the data is necessary. Since
there was no velocity model provided from the seismic data’s owner, a rough time to depth
conversion was preformed using the Database Method, one of Move’sTM four time to depth
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Figure 2.1- Google Earth Image of the locations of the 3-D seismic surveys and wells used for
the interpretation of Lisbon Valley’s subsurface.
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A.

B.

Figure 2.2- Uninterpreted (A) and interpreted (B) seismic profile through Lisbon Valley from
Survey 1. Data source, orientation, and location cannot be displayed for data privacy reasons.

A.

B.
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Figure 2.3- Uninterpreted (A) and interpreted (B) time slice through Lisbon Valley from Survey
1. Data source, orientation, and location cannot be displayed for data privacy reasons.

34
conversion algorithms. MoveTM contains predefined velocities and rates of change of velocity
for different lithologies and by defining the lithology for each interpreted stratigraphic horizon
in my seismic data, MoveTM automatically assigns the appropriate values for each horizon (Table
2.1). The time to depth conversion was then completed by applying the following equation to the
model:
Z = Vo (ekt – 1) / k,

(1)

where Z is the thickness of the layer in meters, Vo is the velocity at the top of the layer in meters
per second, k is the rate of change in velocity with increasing depth, and t is the one way travel
time for layer thickness, in seconds.
After properly positioning my seismic interpretations, the next step in model building
is to digitize geologically important features that are exposed at the surface. For my model, this
included geological unit contacts, faults, and fold axial traces that are displayed on a geological
map that was inserted and overlain onto a DEM in the model (Figure 2.4). The Lisbon Valley
Fault and two faults that are antithetic to the Lisbon Valley Fault were the only faults digitized in
order to simplify the construction and later interpretation of my model. These three faults were
chosen to be digitized because they have the longest trace and display the largest amounts of
offset, and therefore should have the greatest impact on the evolution of the structure.
The next step was to insert strike and dip data and wells containing formation top
data. Strike and dip data were collected at forty-one stations throughout Lisbon Valley (Figure
2.5). Although I was limited by the abundance and accessibility of measurable outcrops, the
stations were located to obtain the best possible coverage of the structure. In addition, fifty
boreholes were selected based on their spatial distribution and total vertical depth (Figure 2.6).
These boreholes were used to constrain the depths and thicknesses of the six formation tops as
described in Section 2.1.2. Any further constraints regarding the geometry of the formation tops
were provided by inserting into the model, cross section B-B’ from Parker (1981) (Figure 1.18).
With these pieces of data located properly in MoveTM, it was then possible to construct a 3-D
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Figure 2.4- Image taken from MoveTM showing the surface features at Lisbon Valley that were
digitized and used to help build the 3-D structural model. Lisbon Valley’s two structural domains
are defined by the fold axes of the LCRA (Lisbon Canyon Rollover Anticline) and the LVA (Lisbon Valley Anticline), which are separated by the Lisbon Valley Fault. The DEM and geological
map are not shown in this image in order to better display the digitized features. For a complete
stratigraphic column see Figure 1.14.
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Figure 2.5- Google Earth image of Lisbon Valley showing the orientation of bedding measured
from forty-one field stations.
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Figure 2.6- Google Earth of Lisbon Valley showing the locations of the wells used in MoveTM to
construct the 3-D structural model. The corresponding API well numbers are in Appendix C.
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structural model of Lisbon Valley.
2.1.2

3-D Surface Construction
Constructing 3-D surfaces in MoveTM requires the construction of multiple cross-

sections throughout the area the model will occupy. To build 3-D surfaces in Lisbon Valley, I
constructed sixteen cross-sections parallel to each other and parallel to the regional structural
transport direction (245°). The cross-sections are located based on proximity to strike and dip
measurements and wells and were distributed as evenly as possible throughout the structure
(Figure 2.7). However, a cross-section must be constructed at the boundaries of a fault plane in
order to define the limits of the fault’s length.
When a cross-section is created in MoveTM, the user can select strike and dip
measurements and well data to be projected normal to the section line. When projecting strike
and dip data to a section, MoveTM automatically calculates the apparent dip and places an
apparent dip symbol at its projected location along the cross-section. Additionally, any features
digitized along the surface (i.e. geological unit contacts, fault traces, and fold axial traces) can be
displayed on the cross-section where the cross-section intersects the surface. Utilizing these well
and surface data, I interpreted the unit tops of the Mississippian basement (base salt), Paradox
Formation (top salt), Honaker Trail Formation, Cutler Formation, Chinle Formation, and Glen
Canyon Group, as well as any faults, using the digitization tools in MoveTM (see Figure 1.14 for
stratigraphic column). An example of a completed cross-section is shown in Figure 2.8.
The corresponding horizons and faults from each cross-section were connected using
MoveTM’s Surface Creation Tool to create 3-D surfaces. When creating fault surfaces, a linear
interpolation method was used and when creating horizon surfaces, a spline curves interpolation
method was used. At certain locations along some surfaces, gaps exist due to the termination of a
fault. This occurs because when creating 3-D surfaces, the cross-section containing the fault has
two separate digitized lines representing the same horizon that are separated by the fault whereas
the adjacent cross-section that no longer contains the fault has one continuous line that represents
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Figure 2.7- Digital Elevation Map of Lisbon Valley showing the locations and orientations of the
cross sections that were created and used to construct the 3-D surfaces for the model.
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Figure 2.8- An example of a cross section used to build the 3-D structural model. Surface
intersections of faults, fold axes, and formation tops, as well as apparent dip data and well data
were used to construct each cross section. All cross sections can be seen in Appendix D.
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the same horizon. When attempting to connect two lines in one cross-section to one line in the
adjacent cross-section to make a 3-D surface, MoveTM makes an unrealistic interpolation of the
horizon between the cross-sections. Therefore, I feel that it is better to leave a small space in
between cross-sections where this problem occurs. The complete 3-D structural model can now
be used for further analyses and structural restoration (Figure 2.9).

2.2 3-D Structural Geometry of Lisbon Valley Anticline

2.2.1

Salt and Suprasalt Geometry
The geometry of the top salt horizon (top of the Paradox Formation) classifies Lisbon

Valley as an asymmetric salt roller, a type of triangular diapir that grows reactively during
regional extension (Hudec and Jackson, 2011). It is characterized by the diapir lying in the
footwall of a single listric normal fault. Due to the listric shape of the fault, an extensional
rollover anticline is formed in the hanging wall. The flank of the diapir in the hanging wall has
a discordant contact with adjacent strata whereas the flank of the diapir in the footwall has a
concordant contact with adjacent strata (Figure 2.10; Hudec and Jackson, 2011).
The Lisbon Valley Anticline consists of two structural domains, the Lisbon Valley
Anticline (LVA) (sometimes referred to as the Lisbon Valley Fault-displacement Anticline) and
the Lisbon Canyon Rollover Anticline (LCRV), separated by the Lisbon Valley Fault (Figure
2.11; Ge et al., 1995). Each structural domain is defined by its unique characteristics at the
surface and in cross-section. The LCRA is located in the northeast and in the hanging wall
of the Lisbon Valley Fault. At the surface, Cretaceous rocks are exposed and their bedding
strike remains relatively consistent (~135°) between the southeastern and northwestern ends of
Lisbon Valley. Two faults, antithetic to the Lisbon Valley Fault, are present in the LCRA and
are oriented parallel to the Lisbon Valley Fault (Figure 2.4). In this thesis, I will refer to them
as Antithetic Fault 1 and Antithetic Fault 2. In cross-section, Antithetic Fault 1 cuts Cretaceous

(continued on following page)
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Figure 2.9 (continued)

Figure 2.9- Views of the complete 3-D structural model of Lisbon Valley. A and B show views
of the model from above. C shows the southeastern end of the structure viewed from the side
looking toward the northwest. D shows the northwestern end of the structure viewed from the
side looking towards the southeast.
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Figure 2.10- Schematic cross-section of an asymmetric salt roller. The diagram shows concordant
contacts between the diapir and adjacent strata in the footwall and discordant contacts between
the diapir and adjacent strata in the hanging wall. Image from Jackson and Hudec (2011).
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Figure 2.11- Diagram showing the two structural domains at Lisbon Valley that are separated by
the listric Lisbon Valley Fault. Image from Jackson and Hudec (2011).
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through Jurassic rocks before terminating against the Lisbon Valley Fault. Antithetic Fault 2
cuts Cretaceous through Upper Pennsylvanian rocks before terminating at the top of the Paradox
Formation (Figure 2.12). The LVA is located in the footwall side of the Lisbon Valley Fault in
the southwest region of the structure. It is characterized by Pennsylvanian through Jurassic rocks
exposed at the surface with strike orientations varying between 103° and 162°.
2.2.2

Sub-Salt Geometry
Below the Paradox Formation there is a complex network of faults that cut through

Mississippian and Devonian aged rocks. Previous studies in the Paradox Basin have recognized
the existence of NW-SE trending sub-salt faults and hypothesized that they contributed to
the growth of the salt structures (i.e. Parker, 1981; Ge et al., 1995; Trudgill, 2011). However,
none have determined the detailed geometry below a single salt structure. These faults serve as
structural traps for oil and gas accumulations in the sub-salt Mississippian and Devonian rock
units at Lisbon Valley. Exploration and production from these units began in the 1960’s and
continues today. The 3-D seismic surveys used in this thesis were shot recently with the intent of
imaging the sub-salt rock units, making these surveys ideal for interpreting the geometry of the
sub-salt faults at Lisbon Valley. Using each interpreted 3-D seismic survey, I applied a similarity
attribute to the top Mississippian horizon to enhance the visualization of the sub-salt faults.
The similarity attribute expresses how much adjacent seismic trace segments look alike.
The length of the seismic trace segment is treated as a vector and defined by the time-gate,
measured in milliseconds and specified by the user. The time-gate contains a center-point that
is defined by an inline number, crossline number, and a two-way travel time. The time-gate
specified by the user is measured in time in the positive and negative directions from the centerpoint and defines the trace segment’s characteristic length (Figure 2.13). The lengths of all of
the trace segments immediately adjacent to the trace segment containing the center point are
normalized between 0 and 1. A similarity of 1 means that the amplitude and waveform of the
adjacent trace segments is completely identical. A similarity of 0 means that the amplitude and
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Figure 2.12- Cross-section C-C’ demonstrating the location and cross-cutting relationships of the
Lisbon Valley Fault, Antithetic Fault 1, and Antithetic Fault 2.
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0.28 ms

TWT

Center point

-0.28 ms

Figure 2.13- Schematic diagram of a seismic wiggle trace. The time-gate used for calculating the
similarity attribute is defined by seismic travel-time in the positve and negative directions from
a center point. The center point is defined by an in-line, cross-line, and two-way travel-time. The
time-gate of immediately adjacent seismic wiggle traces are then compared and measured for
relative similarity.
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waveform of the adjacent trace segments is completely dis-similar (OpendTect version 4.6,
2014). OpendTect then applies a grey-scale color scheme based on the similarity calculations to
the interpreted surface, which highlights areas of relative dis-similarity between seismic traces.
Linear regions that appear dark when the similarity attribute is applied can be interpreted as
faults.
For the top Mississippian horizon, I applied the similarity attribute using the
default time-gate setting of -28 to 28 ms. The resulting similarity attribute applied to the top
Mississippian horizon in each seismic survey is shown in Figures 2.14 and 2.15. Sub-salt faults
in Survey 2 are all interpreted to be inverted normal faults that became inverted during Laramide
compression (Figure 2.16; personal communication with Mark Rowan, 2014). Four of the five
faults have a general NW-SE trend while the other has a NE-SW trend. In Survey 1, there are
four sub-salt faults, one inverted normal fault and three normal faults. The two westernmost
faults (Faults 1-2 and 1-3) are relatively straight while the other two faults (Faults 1-1 and 1-4)
curve and terminate against Faults 1-2 and 1-3. Fault 1-1 in Survey 1 is interpreted to be a
continuation of Fault 2-1 in Survey 2 and the overall geometry of the sub-salt faults resemble
that of a complex fault relay structure. Creating a structure contour map of the Mississippian
horizon using MoveTM reveals the offset along the faults, which later aids in the interpretation of
Lisbon Valley’s structural evolution (Figure 2.17). The greatest amount of vertical throw among
the sub-salt faults in Survey 1 occurs along Fault 1-3 in the southeastern portion of the structure.
Maximum vertical throw along this fault is approximately 600 feet. There is also approximately
300 feet of vertical throw in one area along Fault 1-1.

2.3 Discussion: Structural Evolution of the Lisbon Valley Anticline

Structural restoration is the process of reversing deformation. This can be done in
one single step, restoring the structure to its undeformed state or in increments, showing
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Figure 2.14- Uninterpreted (A) and interpreted (B) sub-salt faults in Survey 1 as viewed from
above. The grey surface is the interpreted top Mississippian basement horizon displayed with the
Similarity attribute. The red lines in B are the interpreted faults.
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Figure 2.15- Uninterpreted (A) and interpreted (B) sub-salt faults in Survey 2 as viewed from
above. The grey surface is the interpreted top Mississippian basement horizon displayed with the
Similarity attribute. The red lines in B are the interpreted faults.
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Figure 2.16- Examples of the inverted normal faults in Survey 2 viewed on seismic profiles.
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Figure 2.17- Structure contour map of the Mississippian basement horizon. The interpreted
faults are indicated by the white lines and are located in areas where there is an abrupt change in
elevation along the Mississippian horizon. Dashed white lines represent the location of faults that
are present in the Mississippian section but do not extend through to the top of the Mississippian
horizon.
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the progression of deformation between its deformed and undeformed state. Restoration of
geological structures has been a common practice since as far back as 1916 when Buxtorf (1916)
created schematic evolutionary models of the Jura Mountains. It continues to be an important
practice for many geologists because it can be used to test and validate cross sections and
interpretations of seismic profiles. In the petroleum industry, structural restorations are used to
determine deformation rates, constrain models of thermal maturation and hydrocarbon migration,
and constrain the relationship between sedimentation and deformation (Rowan and Ratliff,
2012). Around the world, the hydrocarbon potential in salt basins has been proven to be very
high. However, the complex structural and stratigraphic relationships in the vicinity of diapirs are
typically poorly imaged in seismic. Therefore, it is important that our geological knowledge of
regional salt evolution is expanded (Trudgill and Paz, 2009).
2.3.1

Methods
Rowan (1993) developed a “systematic technique for the sequential restoration of salt

structures” using Midland Valley’s 2-DMoveTM, an earlier version of the software used in this
thesis. Trudgill and Paz (2009) applied this technique to the restoration of two regional crosssections through the Paradox Basin. Although these two studies focus on 2-D cross-sections,
many of their principles and techniques as well as newer techniques developed by Midland
Valley can be applied to the restoration of my 3-D model.
Unfaulting- To sequentially restore the movement along faults in my 3-D model, the
simple shear algorithm was used. I chose this algorithm for modeling Lisbon Valley because
the “simple shear algorithm is most applicable to extensional tectonic regimes, where anticlinal
rollover structures have developed on non-planar normal faults” (MoveTM, 2014). Essentially, it
geometrically models the relationship between the hanging wall deformational features and the
fault geometry (Verrall, 1981; Gibbs, 1983; Withjack and Peterson, 1993). The user specifies
the movement direction and displacement of the hanging wall block and when applied, a gap or
void is created between the fault plane and the hanging wall block, which is equal to the area of
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extension.
Unfolding- After restoring the movement along faults, each stratigraphic horizon must
be sequentially restored to its assumed horizontal depositional surface by unfolding it. For
unfolding horizons in 3-D, MoveTM allows the user to select either simple-shear or flexural-slip
unfolding algorithm. In my model, the flexural-slip algorithm was used because it can be used
to “validate the deformation of cover rocks surrounding intrusive salt bodies” (MoveTM, 2014).
Also, the flexural slip algorithm maintains bed thickness variations, which is very important
in determining the sequential growth of a diapir. Other principles of the flexural-slip algorithm
include the preservation of the area of the fold and line length in the unfolding direction.
During the flexural-slip unfolding of the horizons in my model, a local pin line was
established along the axis of the fold, as no flexural slip should occur there during the unfolding.
The horizon being restored to its horizontal depositional surface is defined as the template
horizon and an elevation datum was then selected to mark where the horizon should be unfolded
to. All of the underlying horizons are defined as passive horizons, which move passively as the
template horizon is restored (Figure 2.18). The elevation datum and pin line is different for the
unfolding of each horizon based on the type of diapirism. Figure 2.19 from Jackson et al. (1994)
shows the relationship of stratigraphic layers to a regional datum for each of the three stages of
diapirism. For passive diapirism, a horizon is unfolded by flattening the horizon to its highest
elevation in the deformed state. This is because passive diapirs grow by sediment downbuilding,
which means the more a diapir grows passively, the more sediment adjacent to the diapir sinks.
For reactive diapirism, a horizon is unfolded by flattening the horizon to its lowest elevation in
the deformed state. This is because any flexure associated with reactive diapirism is a result of
salt pushing sediment upwards.
Decompaction- After unfolding a horizon to its horizontal depositional position, the next
step is to remove it. Removing overburden causes the underlying rocks to decompact due to an
increase in porosity, with the amount of decompaction depending upon lithology and the change
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Figure 2.18- Schematic diagram showing the relationships of the horizons, regional elevation
datum, unfolding plane, and pin plane during flexural-slip restoration. (A.) represents the
deformed state of the model. The pin plane is oriented parallel to the fold axes and the unfolding
plane is oriented perpendicular to the pin plane. In this example, the yellow horizon is the
template horizon and is unfolded by flattening it to the regional elevation datum. (B.) represents
the original horizontal depositional position of the yellow template horizon. The two underlying
passive horizons have been unfolded as well but are not in their original horizontal depositional
position and are still deformed.
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in overburden thickness (Rowan, 1993). Modeling decompaction in MoveTM was accomplished
by applying the Sclater and Christie (1980) method, which assumes that porosity decreases with
increasing depth. This relationship is represented by the following equation:
f = fo (e-cy),						

(2)

where f is present-day porosity at depth, fo is the porosity at the surface, c is the porosity-depth
coefficient (km-1), and y is depth (m).
For Lisbon Valley, I assigned a lithology to each of the horizons in my 3-D model.
MoveTM then automatically assigns surface porosities (fo), rates of decay of porosity with depth
(c), and sediment grain densities (Psg) to each of the horizons, based on their assigned lithologies
(Table 2.2). The data are derived from normally pressured lithologies in the North Sea (Sclater
and Christie, 1980). The density of salt remains relatively constant regardless of burial depth and
is therefore considered to be incompressible. During decompaction calculations, MoveTM assigns
a value of zero porosity to salt in order keep the salt from decompacting during the removal of
overburden.
Isostasy- Accounting for isostatic rebound during sediment decompaction helps improve
the accuracy of restored shapes and absolute heights of faults and horizons. According to
MoveTM, Airy isostatic readjustment is recommended during salt restoration. It assumes that there
is an essentially brittle crust that is supported and allowed to move on top of a fluid layer. During
decompaction, the brittle crust readjusts isostatically by moving vertically relative to a basement
reference (Figure 2.20). I used the default recommended settings of 2,000 kg/m3 for the load bulk
density, 1,000 kg/m3 for the density of water, and 3,300 kg/m3 for the mantle density to model the
Airy isostasy during my restoration.
2.3.2

Results
The sequential restoration of Lisbon Valley was preformed using the fuctions in the 3-D

kinematic modeling module. Although the restoration was performed in 3-D, it is often easier
to see the effects of each stage of the restoration by looking at 2-D cross sections through the
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Figure 2.20- Schematic model and equation for Airy Isostasy. The column on the left has a
crustal thickness H1, water depth D1, and crustal position relative to basement reference Z. The
column on the right has an added sediment load of thickness S, the crust compacts to thickness
H2, water depth decreases to D2, and the crust subsides by amount Z relative to the basement
reference. ρc is the crustal density, ρw is the water density, and ρm is the mantle density. Model
and equation adapted from Rowan (1993) and MoveTM (2014).
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structure. Therefore, I will be referring to section C-C’ (Figure 2.21) and section L-L’ (Figure
2.22) which show the sequential restoration viewed from two different cross sections. Section
C-C’ is located in the southeastern portion of the structure and section L-L’ is located in the
northwestern portion (Figure 2.23).
Paradox Fm. Restoration (~306 Ma)- The Paradox Formation evaporite sequence is
deposited above the Mississippian basement, which contains preexisting normal faults. Local
thickness variations occur in the Paradox Formation above the sub-salt faults (Figures 2.21A.
and 22A.).
Honaker Trail Fm. Restoration (~300 Ma)- The Honaker Trail Formation is deposited
and salt movement begins as a low relief salt pillow begins to grow locally above the sub-salt
faults. The salt pillow is relatively more pronounced in the southeastern area (Figure 2.21B.)
compared to the northwestern area (Figure 2.22B.). Slight thinning observed in the Honaker Trail
above the salt is an indication that passive diapirism started around this time, but diapir rise rate
is relatively slow.
Cutler Fm. Restoration (~252 Ma)- The Cutler Formation is deposited as sediment is
shed from the Uncompahgre Uplift, which causes progradational loading in the Paradox Basin
and increases salt migration rates, thus causing the diapir rise rate to increase as well. This is
evidenced by the relatively large amount of thinning of the Cutler over the top of the salt pillow
and by the increased amount of relief displayed by the salt pillow between this stage and the
previous stage in the structural evolution (Figure 2.21C.). However, this is only seen in the
southeastern portion of the structure. In the northwestern portion, the salt pillow grows very
little and suggested by the fact that there is very little thinning of the Cutler above the salt pillow
(Figure 2.22C.).
Chinle Fm. Restoration (~201 Ma)- The Chinle Formation is depsosited, thins over the
top of the salt pillow in the southeastern portion of Lisbon Valley (Figure 2.21D.), and pinches
out on the flanks of the salt pillow in the northwestern portion (Figure 2.22D.). This suggests
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Figure 2.21 (continued)

(continued on following page)

64

Figure 2.21 (continued)

(continued on following page)
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Figure 2.21 (continued)

G.

C

Present Day Geometry
Antithetic Faulting (~ 41- 24 Ma)

(ft)

10,000

0

Faults
Glen Canyon Group

-10,000

Chinle Fm.
Cutler Fm.
Honaker Trail Fm.
Paradox Fm.
Top Mississippian

Figure 2.21A.- G.- Structural restoration displayed from cross section C-C’.
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Figure 2.22 (continued)
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Figure 2.22 (continued)
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Figure 2.22 (continued)
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Figure 2.22A.- G.- Structural restoration displayed from cross section L-L’.
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Figure 2.23- Locations of cross sections through Lisbon Valley. Cross sections C-C’ and L-L’ are
highlighted in blue and are the cross-sections that are displayed in Figures 2.18 and 2.19.
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that the rise rate of the salt pillow in the northwest was higher than in the southeast during
the deposition of the Chinle. It furthermore suggests that the rise rate of the salt pillow in the
northwest exceeded the sediment accumulation rate of the Chinle. Salt migration rates across the
Paradox Basin slow down around the end of this time period due to many salt welds forming in
the basin (Trudgill and Paz, 2009). The presence of Chinle Fm. rocks across the Uncompahgre
uplift indicates that tectonic growth of this structure had ceased by this time, and that sediment
input into the Paradox Basin had significantly diminished (Trudgill and Paz, 2009).
Glen Canyon Group Restoration (~174 Ma)- The Glen Canyon Group, which contains
the Navajo, Kayenta, and Wingate Formations, is deposited and shows little to no thinning above
the salt pillow (Figure 2.21E. and 2.22E.). Without a sediment supply from the Uncompahgre
Uplift creating a differential load and many salt welds existing across the Paradox Basin, salt
migration and passive diapirism appears to have ceased by this time. The salt pillow displays the
greatest amount of relief in the southeast, directly above the sub-salt fault (Fault 1-3) with the
greatest amount of vertical throw (Figure 2.24). This supports the idea that the NW-SE trending
sub-salt faults in the Paradox Basin initiated vertical salt movement and localized passive diapirs
during the progradation of sediment from the Uncompahgre Uplift. It also shows that the amount
of vertical relief of a passive diapir in this geological setting is most likely directly related to the
amount of offset on the sub-salt faults.
Cenozoic Extension Restoration (~41-24 Ma)- Regional extension in the Paradox Basin
is thought to have taken place some time during the late Eocene to middle Oligocene (Ge et
al., 1993, Ge and Jackson, 1994, Ge, 1996). Extension was localized above the preexisting salt
pillow because of its relatively weak salt core, creating the Lisbon Valley Fault (Ge et al., 1995).
The creation of the fault triggered reactive diapirism, which inflated and uplifted the footwall.
Variable displacement along the Lisbon Valley Fault caused varying degrees of reactive diapirism
along strike of the fault (Figures 2.21F., 2.22F., and 2.25). Prior to regional extension, there may
have been enhancement of the existing salt pillow due to Laramide compression, although the

73

3 mi

Area of Greatest Amount of Vertical Throw

1-2

1-1

1-3

1-4

Structure Contour Map of
the Mississippian basement

(ft)

3 mi

Structure Contour Map of
the Paradox Fm. (top salt)

(ft)

Figure 2.24- Structure contour maps of the Paradox Formation and the underlying Mississippian
basement at approximately 174 Ma. The geometry of the salt body at this time represents
the passive diapirism that took place as a result of progradational loading of sediment from
the Uncompahgre Uplift. The location and relative relief of the salt pillow suggest a direct
correlation to the underlying basement faults.
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Figure 2.25- Structure contour maps of the Paradox Formation and the underlying Mississippian
basement showing the present-day geometry of Lisbon Valley. Regional extension and Laramide
compression enhanced the relief of the footwall creating a more uniform thickness of salt during
the Cenozoic (~ 41- 24 Ma).
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exact amount of enhancement is unknown (Trudgill and Paz, 2009 and personal communication
with Mark Rowan, 2014).
Antithetic Fault Restoration (~41-24 Ma)- The listric shape of the Lisbon Valley Fault
caused the LCRA to form in the hanging wall. Extension along the outer arc of the rollover
anticline is accommodated by the creation of Antithetic Faults 1 and 2 (Figures 2.21G. and
2.22G.).
Since the restoration stages of the Paradox, Hoanker Trail, Cutler, and Chinle Formations
represent passive diapir growth, the template horizon in each of these stages was restored to an
elevation datum that represents the highest elevation of that horizon’s deformed state. For each
of these restoration stages, the plane representing the structural transport orientation (unfolding
plane) had a dip of 90° and an azimuth of 133° and the local pin plane had a dip of 90° and an
azimuth of 222°. The effects of Cenozoic extension and Laramide compression were modeled by
restoring the Glen Canyon Group horizon. Because the deformation during this time was caused
by salt pushing the overburden upwards due to reactive diapirism and Laramide folding, the
Glen Canyon Group was restored to an elevation datum that represents the lowest elevation of
it’s deformed state. To restore the Glen Canyon Group, the unfolding plane had a dip of 90° and
an azimuth of 045° and the local pin plane had a dip of 90° and an azimuth of 135°. A complete
summary of the settings used for restoring each horizon is shown in Table 2.3.

2.4 Conclusions

Interpretation of two 3-D seismic surveys reveals the geometry of Lisbon Valley’s
subsurface, particularly the top of the Mississippian basement (base of salt). The application of
a similarity attribute to the top Mississippian horizon enhanced the visualization of the sub-salt
faults that generally trend NW-SE but terminate against one another, forming a complex fault
relay structure. A structure contour map of the top Mississippian horizon produced in MoveTM

76

77
reveals that the greatest amount of vertical throw occurs along the southeastern portion of Fault
1-3. The geometry and varying offset of the sub-salt faults are important because they help
control the initiation and development of a low-relief salt pillow during the late Pennsylvanian to
late Triassic. Additionally, outside of the petroleum industry, the exact characteristics of the subsalt faults below Lisbon Valley were relatively unknown.
3-D structural restoration of Lisbon Valley in MoveTM depicts the following structural
evolution:
•

Early to middle Pennsylvanian- the Paradox Formation evaporite sequence was deposited
above a set of pre-existing basement faults, causing local thickness variations.

•

Middle to late Pennsylvanian- the Honaker Trail Formation is deposited and passive
diapirism is initiated, indicated by slight thinning overtop of the low relief salt pillow that is
beginning to form in the southeastern portion of Lisbon Valley.

•

Permian- progradational loading of sediment sourced from the Uncompahgre Uplift deposits
the Cutler Formation. The rate of passive diapirism significantly increases in the southeastern
portion of Lisbon Valley, enhancing the relief of the salt pillow and causing stratigraphic
thinning in the Cutler. However, diapirism in the northwestern portion remains relatively
slow and only slight thinning in the Cutler is observed.

•

Late Triassic- passive diapirism continues as the Chinle Formation is deposited. The Chinle
is absent above the salt pillow in the northwest portion of the structure indicating that diapir
rise rate exceeded sediment accumulation rate. Diapirism was slower in the southeastern
portion of the structure, however there is still significant thinning of the Chinle above the salt
pillow.

•

Early Jurassic- passive diapirism ceases and the Glen Canyon Group is deposited. At this
time, there is a well developed, low relief, and NW-SE oriented salt pillow positioned
directly above sub-salt Fault 1-3. In the northwest portion of the structure, there is a smaller
and lower relief salt pillow positioned directly above sub-salt Fault 1-1 and Fault 1-2. This
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shows a direct correlation between the location, orientation, and relative relief of passive
diapir development and the location, orientation, and offset of the sub-salt faults.
•

Cenozoic- Laramide compression enhances the relief of the existing salt pillows. Subsequent
regional extension creates the Lisbon Valley Fault, initiating reactive diapirism in the
footwall. In the hanging wall, the LCRA forms due to the listric shape of the Lisbon Valley
Fault and Antithetic Faults 1 and 2 form as a response to outer arc extension in the LCRA.

CHAPTER 3
LISBON VALLEY FRACTURE NETWORK: INSIGHTS INTO STRUCTURAL
EVOLUTION AND PALEOFLUID SYSTEM
Introduction

Because of its outstanding exposures and similarity to many salt basins around the
world, the Paradox Basin has been the site of numerous investigations of fracture networks
and paleofluid systems. Studies of well-exposed fractures along the flanks of Salt Valley
Anticline have shown that fracture characteristics vary spatially and are likely related to the
structure’s evolution (Doelling et al., 1988; Cruikshank et al., 1991; Zhao and Johnson, 1992;
Cruikshank and Aydin, 1995; Lorenz and Cooper, 2009). Layer-parallel extension resulting from
upwelling of the underlying salt created stresses large enough to generate extensional fractures
that strike parallel to the fold axis. However, the present fracture network suggests that salt
upwelling changed locations over time, changing the location and orientation of extensional
fracture development and in some cases, overprinting a younger set of fractures on an existing
one. Analysis of calcite cements along the Moab Fault suggest that it facilitated paleofluid
migration and allowed shallow meteoric fluids to mix with ascending warmer fluids (Chan et
al., 2000; Eichhubl et al., 2009; Bergman et al., 2013). However, this paleofluid system was
compartmentalized between areas of intense jointing and zones of deformation bands along the
strike of the fault. Regional paleofluid flow in the Paradox Basin is preserved in diagenetic iron
oxide, clay, and carbonate cements in the Jurassic Navajo Sandstone (Beitler et al., 2005). Six
diagenetic facies were identified based on the geochemical variability in the Navajo Sandstone
throughout southern Utah. In order for these facies to develop, changes in the interstitial fluid
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environment are required as well as an open geochemical system with basin-wide fluid flow and
varying redox conditions.
There is a small body of work on paleofluids and fractures at Lisbon Valley, but this
work is poorly integrated, and fracture history is not adequately connected to the regional
structural history. The majority of past studies are focused on uranium and copper deposits that
respectively occur in the Cutler Formation on the southwest flank of the structure, and along the
Lisbon Valley fault (Lekas and Dahl, 1956; Huber, 1981; Denis, 1982; Morrison and Parry, 1986;
Breit and Meunier, 1990; Fleshman, 2005; Hahn and Thorson, 2005; Reynolds et al., 2013).
Geochemical analyses of veins along the Lisbon Valley Fault and in the fault damage zone have
yielded results about the possible origin and precipitation mechanism of copper ore minerals,
whereas studies of the uranium deposits employ geochemical methods as well and some
petrologic and paleomagnetic analyses of the rocks hosting the uranium ore. Merin and Segal
(1989), Beitler et al. (2003), Petrovic (2008), and Petrovic et al. (2012) used remote sensing and
geochemistry to assess whether the bleaching of Jurassic aged rocks was due to hydrocarbon
exhumation on the footwall side of the Lisbon Valley Fault, but this work did not discuss the
origins of extensive fracture network exposed throughout the region, or attempt to connect these
fractures to the paleofluid system history.
Studies that describe or interpret the origin of the Lisbon Valley fracture network are
limited to those by Lekas and Dahl (1956), Grout and Verbeek (1998) and Verbeek and Grout
(1999). Lekas and Dahl (1956) focused their work on the southwest limb of the anticline, where
they noted that:
“Joints are plentiful on the anticline, both in the surface rocks and in the mine workings.
In the Moss Back, they are predominantly longitudinal tensional joints formed during
uplift, and parallel the strike of the beds. In the overlying massive sands of the Glen
Canyon Group, oblique shears and cross tension joints are also developed in addition to
longitudinal tensional joints.” (Lekas and Dahl, 1956, p. 162)
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Contrary to the fracture studies at Salt Valley Anticline, work by Verbeek and Grout argue that
fractures in the Paradox Basin do not correlate to the development of major structural features
(i.e. salt structures) (Verbeek and Grout, 1997; Grout and Verbeek, 1998). Instead they say that
the extensional joints that belong to the Permian system predate folding and salt movement and
joints sets of the Tertiary system post-date regional Laramide compression. Additionally, they
report that joints are vertical regardless of the inclination of bedding on the fold limbs, which
suggests that the joints post-date folding.
This chapter characterizes the geometry, timing and distribution of fractures throughout
the entire Lisbon Valley Anticline, and then uses these data to accomplish two aims. First, I
compare the fracture patterns with those predicted from kinematical and mechanical restoration
of the 3-D structural model and restoration I described in Chapter 2. This comparison serves as
a test of the model predictions, and helps to validate my proposed structural history of the area.
Second, I combine observations of the fracture network with stable isotopic analyses of veins
and host rocks to constrain the paleohydrological significance of fractures throughout the region.
By accomplishing these aims, this study not only provides the first compreshensive description
of the Lisbon Valley fracture network, but also serves as a baseline model that can be used as a
starting point for reservoir characterization in the vicinity of similar asymmetric salt rollers.

3.1 Research Methodology

Fractures can have a profound effect on the geological fluid system of an area because
fractures can act as both pathways and barriers to fluid migration (Caine et al., 1996; Maerten
and Maerten, 2006; Gillespie et al., 2011). Fractures are consequently the primary controllers
of fluid system compartmentalization (McFarland et al., 2012), and significant effort has been
expended to identify, characterize, and predict them in the subsurface via seismic and modeling
methods (Harris et al., 2003; Hart, 2006; Smart et al., 2009). Although these methods are
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improving, they need validation through careful comparision with outcrop analogs in places with
well-exposed fracture networks like Lisbon Valley.
3.1.1 Field Characterization of Fractures
To effectively document the fracture network at Lisbon Valley, I conducted a mesoscopic
structural analysis of fractures following the procedures in previous works (Smith, 2010; Kenroy,
2013). A total of forty-eight stations were established at various structural and stratigraphic
positions throughout Lisbon Valley (Figure 3.1). Station locations were positioned with the intent
of covering all structural positions, however I was limited by the presence and accessibility of
outcrops. For example, many outcrops at the southern closure of Lisbon Valley are inaccessible
due to private mining activities, and outcrops in the Jurassic Wingate Sandstone on the
southwestern limb contain fractures that are too large to be accurately measured in the field. At
each station, physical properties of fractures and bedding were measured and notes were taken
regarding the lithology, sedimentological characteristics, and structural position of the rocks
at the station. Bedding and fracture orientations were measured using a standard BruntonTM
Pocket Transit and fracture spacing and aperture were estimated. All fractures measured are
joints (Mode I fractures) and were classified as either unfilled or filled (veins). Fractures were
then divided into sets based on their orientations and if multiple fracture sets existed, abutting
relationships were used to determine the relative timing of fracture development. Photos were
taken to document the fracture properties at each station.
3.1.2 Remote Sensing Characterization of Fractures
Fractures in the Wingate Sandstone, part of the Glen Canyon Group, are well defined
and form a systematic network. These fractures cannot be accurately measured in the field due to
extensive erosion and incision of the Wingate Sandstone at the surface, creating a highly rounded
dune-like topography (Figure 3.2). There are also many steep sided canyons, which limit the
accessibility of the area. However, these fractures are visible in aerial photographs and were
therefore analyzed remotely (Figure 3.3). The aerial photos used in this thesis were obtained
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Figure 3.1- Google Earth image of Lisbon Valley showing the location of all forty-eight fieldstation locations. At each station, orientation measurements of bedding and fractures were
collected along with observations of fracture abundance, spacing, aperture, and abutting
relationships. The black box indicates the location of Figures 3.3 and 3.4.
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Figure 3.2- Photos of the Wingate Sandstone taken from the ground while in the field (see Figure
3.1 for photo location). The photos display the dune-like topography and limited accessibility of
the Wingate Sandstone in the LVA that made it difficult to obtain measurements of bedding and
fracture orientations from this area.
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Figure 3.3- Google Earth image of the Wingate Sandstone at Lisbon Valley in the LVA (see Figure 3.1 for image location). At this scale in satellite images and aerial photographs, the fractures
in the Wingate Sandstone that were not measurable in the field are clearly visible and can be
remotely analyzed using ArcMap™.
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from the Utah Automated Geographic Reference Center’s website and were collected as a part
of the National Agricultural Imagery Program in 2011. Resolution of the aerial photos is 1 meter
with horizontal position accuracy of 5 meters. Aerial photos are true color images that were
collected during the summer with a 3-band Red, Green, Blue (RGB) color sensor.
The georeferenced aerial photos were loaded into ESRI’s ArcMapTM geospatial software
program in order to analyze the properties of the fractures in the Wingate Sandstone. All visible
fractures were then digitized at a map scale of 1:3,000 and separated into two different fracture
sets. During the digitization process, fracture length and orientation were automatically recorded
in ArcMapTM and organized in a spreadsheet. Many of the fractures are discontinuous because
parts of the fractures were eroded by wide and deep canyons. Although many of the fractures
likely continue on the opposite side of the canyon, as they almost certainly formed before the
canyon was carved, it was often difficult to determine which fractures corresponded on each
side of the canyons. Therefore when digitizing, fractures that were intersected by a canyon were
considered to have terminated at the edge of the canyon. This approach artificially reduced the
length of many of the fractures.
After the fractures were digitized, they were divided into four fracture regions that are
separated by areas without fractures visible on the aerial photographs (Figure 3.4). These areas
are generally cross-strike canyons where the fractured rocks are eroded. Next, the fracture
orientation and intensity were calculated using ArcMapTM. Orientation is defined in ArcMap™
as the azimuth of the straight line that connects the two end points of the fracture. This approach
can lead to errors for fractures with significant curvature, but relatively few of these exist in
the Lisbon Valley area. To calculate fracture intensity, ArcMap™ uses a method that measures
the intensity of fractures within a circular area. Fracture intensity is calculated by dividing the
total length of all of the fractures within a circular analysis window by the area of that window.
The analysis window is then moved in a grid pattern over the entire analysis area. Users define
the size of the analysis window as well as the spacing of grid points at which the analysis is
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Figure 3.4- Geological map of Lisbon Valley showing the four fracture regions where fractures in
the Wingate Sandstone were digitized. The Wingate Sandstone is highlighted in dark grey. For a
full geological map and stratigraphic column, please refer to Figure 1.17.
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conducted. The result is a raster map where the value of fracture intensity at each analysis grid
point is plotted as a colored pixel. To calculate intensity of the digitized fractures in the Wingate
Sandstone at Lisbon Valley, I used a circular sampling radius of 250 meters and a 10 x 10 meter
sampling grid for both fracture sets. The results were then displayed as a fracture intensity
contour map. It should be noted that a buffer zone exists along the outer 250 meters of the areas
in which the fracture intensity calculations were made. This is because when the center of the
250 meter radius circular sampling window is positioned less than 250 meters from the edge
of the area containing fractures, up to half of the circular sampling window will be positioned
outside of the area containing fractures. Therefore, fracture intensity measurements within the
250 meter buffer zone will contain underestimated values.
3.1.3 Fracture Prediction Using MoveTM
While preforming a structural restoration, the Strain Analysis Tool in Move™ can be used
to predict fracture development as well as fracture properties such as spatial variation in joint
orientation and intensity during any structural event. This tool was used during my 3-D structural
restoration of Lisbon Valley Anticline in Chapter 2 so that I could compare the predicted fracture
properties to the fracture properties observed in the field and in the aerial photographs.
Area dilation and displacement in the horizontal and vertical directions are tracked at
various points along a horizon when it is being restored by unfolding or unfaulting. Move™
then uses this data to calculate the principal strain orientations (e1, e2, and e3), joint intensities,
and joint orientations. The method in which Move™ calculates joint intensity is not specifically
referenced in any of the Move™ 2014 tutorials or help menu, but is likely calculated from the
relative magnitude of strain in each of the triangles that were used to construct the horizon
during the model building process (see Chapter 2.1.2 3-D Surface Construction). The size of
the triangles is controlled by the numerical inputs for the Sample Density and Resample Lines
(Interval) parameters. Sample Density controls the number of parallel lines in-between the
user-selected lines (Move™ 2014). In other words, when connecting lines that correspond to
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a specific horizon in consecutive cross-sections to create a 3-D surface, the number of parallel
lines between the consecutive cross-sections increases as the Sample Density value is increased.
Increasing this number increases the number of triangles and creates a smoother surface. The
greater the number of triangles, the smaller each individual triangle becomes. Resample Lines
(Interval) controls the number of control points along a 3-D surface. As this number increases,
the number of triangles produced when constructing a 3-D surface is increased as well (Move™
2014). Again, increasing the number of triangles also reduces the size of each triangle. For
the Sample Density, I used 50 and for Resample Lines (Interval), I used 30 m. The size of the
triangles was selected based on the suggestions given in the Move™ 2014 tutorials and the
computing limitations of the workstation used when building the 3-D structural model.
3.1.4 Stable Isotopic Analysis
Very few mineralized fractures were observed throughout the Lisbon Valley area.
During fieldwork, ten hand samples were collected from five different field stations. Of the ten
hand samples, eight contain both calcite vein and host rock material, and two contain only host
rock that was collected in the vicinity of calcite veins. From these samples, eighty powders
were drilled, weighed, and then analyzed in a Thermo Finnigan MAT253 Isotope Ratio Mass
Spectrometer (IRMS) with a GasBench. The δ13C and δ18O (PDB) stable isotopic ratios from
these samples were then used to constrain the characteristics of the fracture-controlled fluid
system that was active at the time of vein formation. Veins are rare at Lisbon Valley and were
only found in the Honaker Trail Formation. This limits the geographical and stratigraphic extents
to which the fracture-controlled fluid system can be studied via this method, however it does
show that fractures facilitated fluid migration in the suprasalt section.
Powders were drilled from a fresh-cut surface from each hand sample using a Dremel®
drill with a 2 mm diamond-tipped drill bit. Depending on the size of the hand sample, between
four and twelve powders were drilled from each hand sample and placed in small vials (Figure
3.5). Host rock powders were drilled from locations close to vein edges and far from vein edges
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Station 25

Vein Material

5 cm
Figure 3.5- Example of a hand sample from Station 25 that contains both vein and host rock
material. Each circled area with a corresponding number indicates locations where powder
samples were drilled and used for stable isotopic analysis. See Figure 3.1 for station location.
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in an attempt to capture any intravein variability of isotopic composition. The widths of the veins
in the hand samples are generally small and close to the width of the Dremel® drill bit, therefore
most of the vein powders represent a homogenized isotopic composition of the vein both near
the vein wall and in the center of the vein. Each powder sample was weighed to within 200400 μg, and placed in a glass Exetainer® tube. A duplicate powder was weighed out every ten
samples to check for consistency of the isotopic measurements made by the mass spectrometer.
Each Exetainer® tube was injected with ten drops of phosphoric acid to react with the powders
and form carbon dioxide, which is measured in the mass spectrometer. The reaction was left to
take place at 70° C over a 24-hour period, whereafter the samples were loaded into the mass
spectrometer for analysis. Measurements made by the mass spectrometer were corrected based
on the known δ13C and δ18O values of standards NBS-18 (δ13C= -5.1 ‰, δ18O= -23 ‰ (PDB))
and NBS-19 (δ13C= 1.95 ‰, δ18O= -2.20 ‰ (PDB)). These standards were run every ten samples
to ensure accurate and precise measurements. Throughout the life of the project, the average
measured values of NBS-18 were -5.00‰ ± 0.21‰ for δ13C and -23.00‰ ± 0.37‰ for δ18O,
whereas the values for NBS-19 were 1.94‰ ± 0.14‰ for δ13C and -2.21 ± 0.16‰ for δ18O.

3.2 Results

3.2.1 Field Characterization of Fractures
Lisbon Valley was subjected to multiple deformation events including passive diapirism,
reactive diapirism, and Laramide compression (see Chapter 2). Because nearby flat-lying rocks
were observed in the field to contain almost no systematic fractures, the systematic fracture
network seen in the field and in aerial photographs is interpreted to have formed in response
these deformation events, and not in response to regional uplift. Two prominent sets of fractures,
one strike-parallel (Set 1), and one cross-strike (Set 2), are present throughout most of Lisbon
Valley. A third, less significant set (Set 3) is locally present in the vicinity of the northwestern
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and southeastern closures of the anticline (Figure 3.6). The characteristics of the two dominant
fracture sets differ between the Lisbon Valley Anticline (LVA) and the Lisbon Canyon Rollover
Anticline (LCRA). The relative abundance and spatial distribution of these three fracture sets led
me to divide Lisbon Valley into three fracture zones (Figure 3.7).
Lisbon Canyon Rollover Anticline - Two sets of systematic fractures are present in
the LCRA and have a relatively consistent orientation throughout (Figure 3.7). All fractures
measured in this area are joints that occur in the Burro Canyon Formation. Although both sets are
easily recognizable throughout the area, joints in Set 1 are slightly better developed than joints in
Set 2 (Figure 3.8). Joints in Set 1 have orientations that strike between 284- 332° (mean= 314°,
mode= 316°), while joints in Set 2 strike between 190- 247° (mean= 225°, mode= 230°). Both
sets have dips that vary between 65- 90°. Joints in Set 1 have relatively long visible trace lengths
ranging from 5- 40 meters, while visible trace lengths of joints in Set 2 range between 40 cm- 3
m. Spacing of joints is generally consistent in Set 1 ranging between 30 cm- 2 m and joints in Set
2 had very irregular spacing, which made it difficult to estimate. Joint apertures were the largest
in Set 1, reaching up to about 15 cm. However, it is important to note that many of the apertures
were likely enhanced by erosion in this area, contributing to their large range in measurements.
Joints in Set 2 had much smaller apertures of less than 2 cm. Joints are the most abundant
around the structural crest of the LCRA and become virtually non-existent to the northeast. To
the southwest of the LCRA, the topography drops down into the center of Lisbon Valley. From
there, a profile of the Burro Canyon Formation can be seen, and is estimated to be 15-20 meters
thick in this area with the joints in both sets penetrating this entire section (Figure 3.9). Abutting
relationships of the joint sets reveal that Set 1 is older than Set 2 (Figure 3.10). A 2-5 mm thick
veneer was also observed within many of the Set 1 joints and on some Set 2 joints. The veneer
seemed to be better indurated and more resistant than the surrounding host rock, causing the
joints to crop-out as a raised ridge that is approximately 1- 2 cm wide (Figure 3.11).
Lisbon Valley Anticline- Two sets of systematic fractures are present in the LVA and
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taken. Rose diagrams show fracture orientations at each station. Green represents the strike parallel
fracture set, yellow and purple represent cross-strike fracture sets. More data will need to be
collected in the field in order to achieve a more complete coverage of the structure.

Figure 3.6- Google Earth image of Lisbon Valley containing rose diagrams of measured fracture
orientations from each field station. Fracture orientations shown in green on the rose diagrams
correspond to Set 1, yellow correspond to Set 2, and purple corresponds to Set 3. Each rose
diagram shows the relative abundance of joint orientations in each joint set at a given station.
The maximum frequency of joint orientations varies from station to station.
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Figure 1. Satellite image of Lisbon Valley showing stations where fracture measurements have -109.070340°
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taken. Rose diagrams show fracture orientations at each station. Green represents the strike parallel
fracture set, yellow and purple represent cross-strike fracture sets. More data will need to be
collected in the field in order to achieve a more complete coverage of the structure.

Figure 3.7- Google Earth image of Lisbon Valley containing rose diagrams of measured fracture
orientations from each field station. The three different colored regions correspond to the three
fracture regions I identified based on the spatial variability of the fracture network characteristics.
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Figure 3.8- Photos taken in the field at Stations 27 and 28 in the LCRA. In this area, joint Set
1 and 2 are abundant and well developed with Set 2 consistently terminating against Set 1. See
Figure 3.1 for station location.
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Figure 3.9- Profile view of the Burro Canyon Formation in the LCRA. The red lines in the photo
show the visible thickness (~ 15 m) of the Burro Canyon and joints in Set 1 can be seen cutting
through the entire visible section. The photo was taken near Station 16 looking SE.
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NE

SW
Set 2

Set 1

Figure 3.10- Photo taken at Station 27 in the LCRA. Consistent abutting relationships between
joints in Sets 1 and 2 show that Set 1 is older. See Figure 3.1 for station location.
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Station 27

Veneer

Figure 3.11- Photo taken in the field at Station 27 showing the 2- 5 mm thick veneer that was
observed mostly on Set 1 joints but was also occasionally seen on Set 2 joints. The veneer is
more resistant than the host rock and is the raised, rust-colored portion of rock on the walls of
the joints. Arrow on scale indicates North. See Figure 3.1 for station location.
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were observed and measured in the field within the Honaker Trail Formation. Stations 32 and
33, are in the Navajo and Kayenta Formations of the Glen Canyon Group (Figure 3.7). Both
sets of fractures are joints and although both sets occur throughout the area, their orientations
change between the southeastern and the northwestern portions of the area (Figure 3.12). In
the southeast, joints in Set 1 strike between 282- 321° (mean= 303°, mode= 300°), while joints
in Set 2 strike between 190- 236° (mean= 215°, mode= 214°). In the northwest, joints in Set
1 strike between 305- 000° (mean= 329°, mode= 328°), while joints in Set 2 strike between
209- 273° (mean= 241°, mode= 244°). Both joint sets have dips between 70- 90°. At Station 47,
there is a clear third set of fractures that are oriented oblique (330- 340°) to Sets 1 and 2. This
third fracture set is represented in the form of veins that have very long visible trace lengths of
up to 11.5 meters (Figure 3.13). Also at Station 47, there is set of en echelon vein arrays that
strike sub-parallel to the joints in Set 2 (Figure 3.14). The trace length of joints in the LVA is
limited, but joints in Set 1 were traced up to 4 meters, whereas joints in Set 2 have traces up to
1 meter. Spacing of joints in Set 1 is fairly consistent, ranging between 20-90 cm, while spacing
of joints in Set 2 was more difficult to determine, but generally range between 60 cm-1.5 m.
Joint apertures for both joint sets is generally between 1-7 cm, but many of the joints were filled
in with gravel making this estimation difficult. Abutting relationships of the joint sets show that
Set 1 is older than Set 2 except at Station 47. Here, Set 3, represented by veins, appears to be the
oldest joint set, followed by Set 1, and then Set 2, which appears to be the youngest.
Fractures at the Northwestern Closure of the Anticline- Three sets of systematic joints
and deformation bands occur in outcrops of the Burro Canyon Formation and the Dakota
Sandstone Formation at the northwestern closure of the Lisbon Valley Anticline (Figure 3.7).
Set 1 is the best developed of the three joint sets and has orientations that are generally parallel
to the strike of bedding and range between 282- 353° (mean= 319°, mode= 312°). Joints in Set
2 have strikes between 180- 269° (mean= 222°, mode= 241°) and joints in Set 3 have strikes
between 248- 318° (mean= 284°, mode= N/A). All three joint sets have dips ranging from 70-
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Figure 1. Satellite image of Lisbon Valley showing stations where fracture measurements have -109.070340°
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taken. Rose diagrams show fracture orientations at each station. Green represents the strike parallel
fracture set, yellow and purple represent cross-strike fracture sets. More data will need to be
collected in the field in order to achieve a more complete coverage of the structure.

Figure 3.12- Google Earth image of Lisbon Valley containing rose diagrams of measured fracture
orientations from each field station. The LVA is divided into two fracture sub-regions, LVA northwest and LVA southeast, based on the change in fracture orientations between the northwestern
and southeastern portions of the LVA.
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Set 3 Vein

Figure 3.13- Photo from Station 47 in the Honaker Trail Formation in the LVA. Set 3 fractures
at this station are oriented oblique to the strike of bedding and occur in the form of veins. See
Figure 3.1 for station location.
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Figure 3.14- Photos from Station 47 showing the set of en echelon veins present at this station.
These veins were only found at this station and are oriented sub-parallel to the strike of Set 2
joints. See Figure 3.1 for station location.
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90°. Spacing of the joints in Set 1 is somewhat irregular but ranges from 15- 40 cm, Set 2 ranges
between 20- 50 cm, and the spacing of joints in Set 3 was undetermined due to the small number
of Set 3 joints in the outcrop. Visible trace lengths of joints in all three sets were approximately
1- 2 meters, however outcrops in this area are relatively small and thus limited my ability to
more accurately estimate this parameter. Abutting relationships show that Set 1 developed first,
although observations at Station 5 suggest that Sets 1 and 2 may have developed simultaneously.
Set 3 is the least abundant in outcrops and abutting relationships show that it likely developed
last or at the same time as Set 2 (Figure 3.15).
3.2.2 Remote Sensing Characterization of Fractures
Two sets of systematic joints are visible on aerial photos of the Wingate Sandstone
of the Glen Canyon Group (Figure 3.16). The orientations of 850 digitized joints in Set 1 are
sub-parallel to the strike of bedding, ranging between 282- 328° with an average of 303°, and
are clearly the dominant joint set in this area. Set 2 contains 153 digitized joints that have
orientations ranging from 188- 242°, with an average of 219°. These joints are sub-perpendicular
to Set 1 joints and are much less abundant on aerial photographs. The trace lengths of joints in
Set 1 are longer on average (217 m) compared to joints in Set 2 (63 m). However, trace lengths
of joints in Set 1 have a much greater range of lengths, ranging between 7- 1,383 m, compared to
joints in Set 2, which range between 12- 571 m.
Fracture intensity contour maps are shown for joint Set 1, Set 2, and the aggregate
fracture system of Sets 1 and 2 (Figures 3.17, 3.18, and 3.19). Set 1 intensities are very localized,
but have the greatest intensities in Fracture Region 2. The distribution of the localized high
intensity areas is fairly evenly spaced across all four fracture regions in the Wingate Sandstone
Formation. Set 2 intensities are even more localized than Set 1 intensities and occur in three
main areas that are relatively evenly spaced apart. These high intensity areas in Set 2 occur in
areas of high intensity for Set 1 as well. Fracture Region 1 is blank on the Set 2 intensity contour
map because no Set 2 joints were visible in this area. The aggregate intensity contour map looks
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Figure 3.15- Photo from Station 3 showing the three fracture sets present. At this station, all
three fracture sets are represented by a systematic set of deformation bands. The top photo is an
uninterpreted version. See Figure 3.1 for station location.
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Figure 3.16 (continued)

Figure 3.16- Geological map of Lisbon Valley showing the digitized joints in Sets 1 (green) and
2 (yellow) from the Wingate Sandstone in the LVA. Exposures of the Wingate Sandstone are
highlighted in dark grey.
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Figure 3.17- Geological map of Lisbon Valley showing the spatial variability of the fracture
intensity within the Wingate Sandstone based on the digitized fractures in Set 1. Exposures of the
Wingate Sandstone are highlighted in dark grey.
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Figure 3.18- Geological map of Lisbon Valley showing the spatial variability of the fracture
intensity within the Wingate Sandstone based on the digitized fractures in Set 2. Exposures of the
Wingate Sandstone are highlighted in dark grey. Note that the range of values in the color bar is
much smaller than in Figures 3.17 and 3.19
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Figure 3.19- Geological map of Lisbon Valley showing the spatial variability of the fracture
intensity within the Wingate Sandstone based on the digitized fractures in Sets 1 and 2. This
is achieved by adding together the fracture intensities in both fracture sets. Exposures of the
Wingate Sandstone are highlighted in dark grey.
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almost identical to the Set 1 intensity contour map, showing that Set 2 has little effect on the
aggregate fracture intensities.
3.2.3 Fracture Prediction Using Move™
During my 3-D structural restoration of Lisbon Valley, strain was tracked and analyzed
on two different horizons, the Glen Canyon Group and the Honaker Trail Formation, in order
to compare the fractures documented in the field to the fractures predicted by Move™. This
comparison can be used as a tool to constrain the accuracy of the 3-D structural restoration. If
Move™ predicts similar fracture orientations and intensities as to what was observed in the field
and calculated using remote sensing, this suggests that Lisbon Valley’s actual structural evolution
was similar to the structural evolution that I describe in Chapter 2 of this thesis.
Fractures were predicted for the Glen Canyon Group horizon during the Cenozoic
Extension Restoration (~41- 24 Ma) stage of my 3-D structural restoration of Lisbon Valley,
which simulated the folding of the Glen Canyon Group in the LVA associated with reactive
diapirism and minor Laramide compression. I chose this area to be analyzed because it correlates
with the area of fractures analyzed in the aerial photos of the Wingate Sandstone. The area inside
of the white rectangle drawn in Figure 3.20 represents the approximate area of the Wingate
Sandstone from which fractures in the aerial photos were analyzed. Predicted spatial variability
of Set 1 joint orientations within this area show that joint orientations vary slightly between
the southeastern and northwestern regions, but have a general northwesterly trend. When the
orientations of the poles of the predicted joints from this horizon are plotted on a stereonet,
the average Set 1 joint orientation is 311° (Figure 3.21). This falls in the middle of the range
of measured Set 1 joint orientations from the aerial photos (282- 328°). Move™ also predicts
cross-joints, which develop perpendicular to the Set 1 joints and correspond to the Set 2 joints
observed in the aerial photos. The predicted Set 2 joints also vary slightly in orientation from the
southeast to the northwest and have a general northeasterly orientation (Figure 3.22). When the
poles of the predicted Set 2 joints are plotted on a stereonet, the average orientation is determined
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Predicted Set 1 Fracture
Orientations and Intensities,
Glen Canyon Group, LVA
Predicted Joint Orientation

Normalized Fracture Intensity
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Figure 3.20- Predicted normalized fracture intensity and joint orientations for Set 1 in the Glen
Canyon Group in the LVA. The white rectangle represents the approximate area in which fracture intensity and joint orientations were measured via aerial photographs (see Figures 3.16
through 3.19).
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Predicted Set 1 Joint Orientations,
Glen Canyon Group, LVA
Average Strike = 311°

N= 8,611 joints

Figure 3.21- Stereonet of the predicted Set 1 joints in the Glen Canyon Group in the LVA. Each
red crosshair is a pole to a predicted Set 1 joint and the great circle labeled “Mean Principal
Plane” is the calculated average Set 1 joint plane orientation for the entire area.
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Predicted Set 2 Fracture
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Glen Canyon Group, LVA
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Figure 3.22- Predicted normalized fracture intensity and joint orientations for Set 2 in the Glen
Canyon Group in the LVA. The white rectangle represents the approximate area in which fracture
intensity and joint orientations were measured via aerial photographs (see Figures 3.16 through
3.19).
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to be 221° (Figure 3.23). This also falls in the range of orientations measured in the aerial photos
(188- 242°) and is only 2° from the average orientation of the joints in the aerial photos (219°).
Predicted fracture intensity is the highest in the center of the Glen Canyon Group horizon with
intensities decreasing to the northwest and southeast. However, there is a small zone of relatively
high fracture intensity in the northeastern corner of the Glen Canyon Group horizon (Figure
3.22).
Fractures were also predicted in the Glen Canyon Group horizon in the LCRA during
the Cenozoic Extension Restoration (~41- 24 Ma) stage of my 3-D structural restoration. The
Glen Canyon Group is not exposed at the surface in the LCRA, but is present at depth. Younger
Cretaceous age rocks of the Burro Canyon and Dakota Sandstone Formations are exposed at
the surface in the LCRA and contain two sets of joints that are described in section 3.2.1 of this
thesis. Even though these formations were not included in my 3-D structural model, they were
present during the Cenozoic Extension Restoration (~41- 24 Ma) and are of similar lithology
as the Glen Canyon Group. Therefore, the Cretaceous aged rocks and the Glen Canyon Group
experienced the same deformation, likely display very similar fracture patterns, and predicted
fractures in the Glen Canyon Group horizon can be used as a proxy for the fractures observed in
the Cretaceous rocks at the surface.
The white rectangle in Figure 3.24 is the area around the anticlinal crest of the LCRA that
contains the highest abundance and best-developed joints that were observed in the field. This is
also where Move™ predicts fracture intensity to be the greatest, particularly in the southeastern
corner of the horizon (Figure 3.24). Fracture intensity decreases significantly in the northeastern
⅔ of the horizon. This is consistent with observations from fieldwork, indicating that few to
no fractures are present in the area to the northeast of the LCRA anticlinal crest. Predicted
orientations of Set 1 joints within the white rectangle generally strike NW-SE, although there
does seem to be a relatively large amount of variability. When the poles of the predicted Set 1
joints are plotted on a stereonet, the average joint orientation is 315°, which falls within the field
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Predicted Set 2 Joint Orientations,
Glen Canyon Group, LVA
Average Strike = 221°

N= 8,611 joints

Figure 3.23- Stereonet of the predicted Set 2 joints in the Glen Canyon Group in the LVA. Each
red crosshair is a pole to a predicted Set 2 joint and the great circle labeled “Mean Principal
Plane” is the calculated average Set 2 joint plane orientation for the entire area.
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Predicted Set 1 Fracture Orientations and
Intensities, Glen Canyon Group, LCRA
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Figure 3.24- Predicted normalized fracture intensity and joint orientations for Set 1 in the Glen
Canyon Group in the LCRA. The white rectangle represents the approximate area in which
fracture orientations and observations were made in the field in the Burro Canyon Formation.
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measurements of Set 1 joints (284-332°) and is within 1° of the mean (314°) and mode (316°)
(Figure 3.25). Set 2 joints within the white rectangle appear to have irregular orientations (Figure
3.26), but when their poles are plotted on a stereonet, the average joint orientation is 226°
(Figure 3.27). This also falls within the range of measured Set 2 joint orientations (190- 247°)
and is within 5° of the mean (225°) and mode (230°). Visual inspection of joint orientations in
Figures 3.24 and 3.26 might be misleading because the orientations shown do not appear to have
a systematic orientation. However, the vast majority of predicted joints occurs within the white
rectangle because the highest fracture intensity occurs in this area. Therefore, the clusters of
joint orientations on the stereonets in Figures 3.25 and 3.27 represent the joints within the white
rectangle and correspond well to joint orientations measured in the field.
The Honaker Trail Formation was subjected to deformation from both passive diapirism
and deformation during the Cenozoic Extension Restoration (~41-24 Ma) stage of Lisbon
Valley’s structural evolution. As a result, the highest predicted fracture intensity forms an arcing
pattern that is convex to the southwest, with intensity being slightly greater in the southeastern
portion of the arcing pattern (Figure 3.28). The white rectangle in Figure 3.28 represents
the approximate area of the Honaker Trail Formation that is presently exposed and where
observations were made during fieldwork. Orientations of Set 1 joints within the white rectangle
generally have NW-SE strikes, but the joint orientations gradually change from a more westerly
to a more northerly strike moving from the southeast to the northwest along the horizon (Figure
3.28). This pattern is consistent with Set 1 observations and measurements from the field. When
the poles of the predicted Set 1 joints are plotted on a stereonet, the average joint orientation is
310° (Figure 3.29). Predicted Set 2 orientations also gradually change between the southeast
(NNE-SSW strike) and the northwest (ENE- WSW strike) (Figure 3.30). The average Set 2 joint
orientation, based on the orientation of the poles of the predicted Set 2 joints, is 219° (Figure
3.31).
At Station 47, a systematic set of veins was observed and is oriented oblique to joint Sets
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Predicted Set 1 Joint Orientations,
Glen Canyon Group, LCRA
Average Strike = 315°

N= 9,298 joints

Figure 3.25- Stereonet of the predicted Set 1 joints in the Glen Canyon Group in the LCRA.
Each red crosshair is a pole to a predicted Set 1 joint and the great circle labeled “Mean Principal
Plane” is the calculated average Set 1 joint plane orientation for the entire area.
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Predicted Set 2 Fracture Orientations and
Intensities, Glen Canyon Group, LCRA
Predicted Joint Orientation
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Figure 3.26- Predicted normalized fracture intensity and joint orientations for Set 2 in the Glen
Canyon Group in the LCRA. The white rectangle represents the approximate area in which
fracture orientations and observations were made in the field in the Burro Canyon Formation.
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Predicted Set 2 Joint Orientations,
Glen Canyon Group, LCRA
Average Strike = 226°

N= 9,298 joints

Figure 3.27- Stereonet of the predicted Set 2 joints in the Glen Canyon Group in the LCRA.
Each red crosshair is a pole to a predicted Set 2 joint and the great circle labeled “Mean Principal
Plane” is the calculated average Set 2 joint plane orientation for the entire area.
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Predicted Set 1 Fracture
Orientations and Intensities,
Honaker Trail Fm., LVA
Predicted Joint Orientation

Normalized Fracture Intensity
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Figure 3.28- Predicted normalized fracture intensity and joint orientations for Set 1 in the
Honaker Trail Formation in the LVA. The white rectangle represents the approximate area in
which fracture orientations and observations were made in the field.
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Predicted Set 1 Joint Orientations,
Honaker Trail Fm., LVA
Average Strike = 310°

N= 2,180 joints

Figure 3.29- Stereonet of the predicted Set 1 joints in the Honaker Trail Formation in the LVA.
Each red crosshair is a pole to a predicted Set 1 joint and the great circle labeled “Mean Principal
Plane” is the calculated average Set 1 joint plane orientation for the entire area.
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Predicted Set 2 Fracture
Orientations and Intensities,
Honaker Trail Fm., LVA
Predicted Joint Orientation
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3 miles
Figure 3.30- Predicted normalized fracture intensity and joint orientations for Set 2 in the
Honaker Trail Formation in the LVA. The white rectangle represents the approximate area in
which fracture orientations and observations were made in the field.
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Predicted Set 2 Joint Orientations,
Honaker Trail Fm., LVA
Average Strike = 219°

N= 2,180 joints

Figure 3.31- Stereonet of the predicted Set 2 joints in the Honaker Trail Formation in the LVA.
Each red crosshair is a pole to a predicted Set 2 joint and the great circle labeled “Mean Principal
Plane” is the calculated average Set 2 joint plane orientation for the entire area.
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1 and 2. To test if this vein set represents a set of joints that developed during Lisbon Valley’s
structural evolution, Move™ was used to predict the orientations of shear planes that represent
conjugate fracture planes at 30° from the Set 1 joint orientations. One of the predicted shear
planes has an average orientation of 340°, which falls within the measured orientations of the
vein set (330- 340°) (Figure 3.32). Since abutting relationships have determined that Set 3
fractures are the oldest, veins developed along a plane of shear that is associated with the passive
diapirism stage of Lisbon Valley’s structural evolution and might be present at other locations
where outcrops are not present.
3.2.4 Stable Isotopic Analysis
The locations of the five field stations in which vein samples were collected and analyzed
are shown in Figure 3.33. The vein and host rock δ13C and δ18O isotopic values for each station
are shown in Figure 3.34. The δ18O values for veins from Stations 10, 19, 22, and 25 all range
from -14.2 to -11.5‰ (PDB). The vein δ18O values at Station 20 are much different, and range
from -12.6 to -4.3‰ (PDB). The δ13C values for veins at all of the stations range from -1.3 to
4.4‰ (PDB). The δ18O values for host rock samples range from -9.1 to -5.4‰ (PDB) and δ13C
values range from -1.1 to 4‰ (PDB).
To determine heterogeneities among veins of different orientations, I plotted the vein
δ13C and δ18O values according to the fracture set to which they belong (Figure 3.35). Veins in
Set 1 have strikes of 315° and 327°. Veins in Set 2 have strikes of 214° and 249°. Veins in Set
4 correspond to a different predicted shear plane orientation than the one mentioned in section
3.2.3. As predicted by Move™, this shear plane has an average orientation of 106° (Figure
3.36). Vein orientations that were assigned to Set 4, 085° and 093°, have orientations that are
reasonably close to the predicted shear plane. These two veins represent the only two fractures
that were observed with this orientation and abutting relationships for this fracture set could not
be determined. Isotopic values of veins in Set 2 plot in a distinct cluster while veins in Set 1 and
4 display a bimodal distribution. The bimodal distribution seems to be related to the geographic
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Predicted Shear Plane Orientations,
Honaker Trail Fm., LVA
Average Strike = 340°

N= 2,180 joints

Figure 3.32- Stereonet of the predicted shear planes (Set 3 fractures) in the Honaker Trail Formation in the LVA. Each red crosshair is a pole to a predicted shear plane and the great circle labeled “Mean Principle Plane” is the calculated average shear plane orientation for the entire area.
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N

Figure 3.33- Google Earth image of Lisbon Valley showing the locations of the five field stations
where vein and host rock samples were collected. The color of the station corresponds to the
fracture set in which the veins at each station belong to. Station 20 contains veins in both Set 1
and Set 4 orientations, therefore Station 20’s circle is colored half green and half red. A NE-SW
trending fault separates Stations 19 and 20 from Stations 10, 22, and 25.
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Figure 3.34- Plot comparing the δ13C and δ18O values of vein (circles) and host rock (open
squares) material from each station. Analytical error for individual data points is too small to
show up at this scale. See Figure 3.33 for station locations.
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Figure 3.35- Plot comparing the δ13C and δ18O values of vein material based on the orientation of
the vein. Veins with orientations corresponding to Set 1 joints are green, veins with orientations
corresponding to Set 2 joints are yellow, and veins with orientations corresponding to Set 4
fractures are red. Circles were drawn around clusters of data points and their corresponding field
stations are labeled. Analytical error for individual data points is too small to show at this scale.
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Predicted Shear Plane Orientations,
Honaker Trail Fm., LVA
Average Strike = 106°

N= 2,180 joints

Figure 3.36- Stereonet of the predicted shear planes (Set 4 fractures) in the Honaker Trail
Formation in the LVA. Each red crosshair is a pole to a predicted shear plane and the great circle
labeled “Mean Principal Plane” is the calculated average shear plane orientation for the entire
area.
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relationship between the station locations and the fault shown in Figure 3.33. Station 20 is
located on the northwest side of the fault and has different δ13C and δ18O values than Stations 10
and 22 that are located on the southeast side of the fault. This suggests that the fault acted as a
barrier to fluid flow along Set 1 and Set 4 fractures, causing there to be two isotopically different
fluid types on opposite sides of the fault. Stations 19 and 25 are also located on opposite sides of
the fault, but their δ13C and δ18O values are similar, suggesting that fluids in Set 2 fractures were
not affected by the fault.
To analyze the degree of interaction between the vein-forming fluids and their respective
host rocks, I took the average δ13C and δ18O values from veins and host rocks from each station.
I then plotted the average vein versus host rock values for δ13C (Figure 3.37A) and the average
vein versus host rock values for δ18O (Figure 3.37B). The degree of fluid-rock interaction taking
place between the veins and host rock is represented by Δ, where Δ= δhost – δvein. If the isotopic
value falls within Δ= ± 1, then there was likely a high degree of interaction between the veinforming fluid and the host rock, indicating a host rock buffered fluid system. If the isotopic
value falls outside of the Δ= ± 1 range, then there was a low(er) degree of fluid-rock interaction
between the vein-forming fluid and the host rock, indicating a fluid buffered system (Kenroy,
2013). Figure 3.37A shows that veins at Stations 19, 20, and 25 have values consistent with
veins forming in a host rock buffered system with respect to carbon and veins at Stations 10 and
22 have values consistent with veins forming in a fluid buffered system with respect to carbon.
Figure 3.37B shows that veins at Stations 10, 19, 22, and 25 have values consistent with veins
forming in a fluid buffered system with respect to oxygen and veins at Station 20 have values
consistent with veins forming in a host rock buffered system with respect to oxygen. Veins at
Stations 10 and 22 plot outside of the range of a host rock buffered fluid system for both carbon
and oxygen, suggesting that these veins grew in a completely fluid buffered system and had
very little isotopic exchange with the host rock. Veins at Station 20 plot within the range of a
host rock buffered fluid system for both carbon and oxygen, suggesting that these veins grew
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Figure 3.37- Plots comparing the average vein and host rock δ13C (A.) and δ18O (B.) values for
each field station. Stations that plot within Δ = ± 1 are considered to contain veins that formed in
a host rock buffered fluid system. Stations that plot outside of Δ = ± 1 are considered to contain
veins that formed in a fluid buffered fluid system. Error bars show the range of measured isotopic
values for each station.
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in a completely host rock buffered system and had a large degree of fluid-rock interaction and
isotopic exchange with the host rock.

3.3 Discussion: Evolution of the Fracture Network

Relationships between fracture kinematics, fracture system geometry and map-scale
structures have been recognized for decades (Odling et al., 1999; Fischer and Wilkerson, 2000).
These relationships have been developed in no small part through outcrop analog studies that
document the orientation, distribution and timing of fractures that form in association with
larger-scale structures in a wide variety of geological settings (e.g., Bettelli and Vannucchi, 2003;
Awdal et al., 2013). However, because salt structures occur in a dizzying array of geometries and
styles, they are among the worst represented of these analog studies. Additional field-based case
studies are needed if we are to better constrain the nature of fracturing and the fracture-controlled
fluid systems that occur in the vicinity of salt structures.
An improved understanding of salt-related fracture systems is important because
many hydrocarbon-producing provinces are in salt basins, and fluids are known to migrate
and accumulate adjacent to salt bodies (Halbouty and Hardin, 1955; Esch and Hanor, 1995;
Rowan, 2004). Faults, folds, and fractures that occur in a deformation halo in the sedimentary
rocks adjacent to a salt structure can potentially have a significant influence on the migration
and distribution of fluids in these environments (Neglia, 1979; Esch and Hanor, 1995; Smith
et al., 2012). The specific hydrological effect of these features depends on their spatial and
temporal evolution within and near a given geological structure, as well as their orientation and
intensity. Improving our understanding of these hydrological effects consequently depends on a
thorough characterization of fracture network properties and timing. Armed with this improved
understanding, petroleum geologists can develop better exploration and production planning
activities by accurately delineating fluid migration pathways or compartments (Smart et al.,
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2009).
My analysis of the fracture network at Lisbon Valley from fieldwork and aerial photo
interpretation shows that Lisbon Valley can be divided into three fracture zones based on fracture
orientations and the number of fracture sets that are present (Figure 3.7). The LVA fracture zone
is further divided into two fracture subzones because orientations of fractures in Sets 1 and 2
gradually change from the southeast to the northwest (Figure 3.12). In the following sections I
use my observations of fracture orientation, abutting relations, and the age of the stratigraphic
horizon in which the fractures are present to constrain a model for the evolution of the fracture
network at Lisbon Valley.
3.3.1 Conceptual Fracture Model
Southeastern Set 3 Fracture Development- Calcite filled fractures (Set 3) present in the
Honaker Trail Formation at Station 47 developed first during the passive diapirism stage of
Lisbon Valley’s structural evolution (~ 300- 201 Ma). Three fracture sets are present in this area
where Set 1 strikes sub-parallel to bedding, Set 2 strikes sub-perpendicular to bedding, and Set
3 strikes oblique to bedding. Field observations at Station 47 indicate that joints in Sets 1 and 2
terminate against the veins in Set 3, making Set 3 the oldest fracture set in this area. Additionally,
Set 3 fractures are only found within the Honaker Trail Formation in the southeastern portion of
Lisbon Valley. This is consistent with the location of the salt pillow that developed during the
passive diapirism stage (Figure 2.22), supporting the interpretation that Set 3 developed first.
Set 1 Joint Development- Joints that are grouped into Set 1 are present in the Honaker
Trail and the Wingate Sandstone Formations (Glen Canyon Group) in the LVA, in the Burro
Canyon and Dakota Sandstone Formations in the LCRA, and in the northwestern closure of the
structure. Because these joints are found in rocks that were deposited after the passive diapirism
stage, and because they are found throughout the entire structure, they are interpreted to have
developed during the Cenozoic Extension stage of Lisbon Valley’s structural evolution (~41- 24
Ma), when regional extension initiated reactive diapirism and Laramide compression contributed
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to the enhancement of the relief of the Lisbon Valley structure. In the LVA, extension occurred in
a NW-SE direction as salt migrated upwards and northwest from the salt pillow, creating the Set
1 joints visible in the Honaker Trail and Wingate Sandstone (Glen Canyon Group) Formations.
The joints are sub-parallel to the strike of bedding, which gradually changes orientation from
southeast to northwest, reflecting the geometry of the underlying salt roller. In the LCRA,
extension occurred in a NW-SE direction as a rollover anticline developed as a result of the
creation of the listric-shaped Lisbon Valley Fault. Set 1 joints in this area are sub-parallel to the
strike of bedding and to the Lisbon Valley Fault.
Set 2 Joint Development- Joints that are grouped into Set 2 are also present in the
Honaker Trail and the Wingate Sandstone Formations (Glen Canyon Group) in the LVA, in the
Burro Canyon and Dakota Sandstone Formations in the LCRA, and the northwestern closure of
the structure. For the same reasons as Set 1 joints, Set 2 joints are interpreted to have developed
during the Cenozoic Extension stage of Lisbon Valley’s structural evolution (~41- 24 Ma). In
the LVA, extension occurred in a NE-SW orientation during this time as varying degrees of
reactive diapirism occurred along strike of the Lisbon Valley Fault. In the LCRA, Set 2 joints
are interpreted to have formed in a similar fashion, by varying degrees of reactive diapirism
along the Lisbon Valley Fault, which caused extension in a NE-SW direction (see Figure 2.19E
and F). Although Set 2 generally terminates against Set 1 joints in all areas of Lisbon Valley,
occasionally a Set 1 joint will terminate against a Set 2 joint (Figure 3.38). This suggests that Set
2 development may have overlapped late in Set 1 development, causing some of the abnormal
abutting relationships that are seen.
Northwestern Set 3 Joint Development- Joints in Set 3 that occur in the northwestern
closure of the structure are not abundant enough to make any clear interpretations regarding their
formation. Set 3 joints at Station 3 suggest that they formed after Set 2, but convincing evidence
of this is lacking at other stations in the area.
Figure 3.39 is a graphical representation of the conceptual fracture model. Four
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Figure 3.38- Photo from Station 17 showing joint Sets 1 and 2 in the Honaker Trail Formation
in the LVA. Generally, Set 2 joints terminate against Set 1 joints. However Set 1 joints were
occasionally observed terminating against Set 2 joints, which is shown in this figure. See Figure
3.1 for station location.
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Figure 3.39- Lisbon Valley conceptual fracture model. The Google Earth image of Lisbon Valley
contains four regions each highlighted in a different color. The colors correspond to regions
where the fracture network is hypothesized to have developed differently. The evolution of the
fracture network for each region is shown in the series of boxes below the map. The regions are
shown in rows and correspond to the colored boxes labeled 1 through 4. Different time periods
in Lisbon Valley’s structural evolution are in columns with the oldest time period on the left.
The lines inside of each box represent the overall fracture network for that region during each
period of time. The orientation of the fractures represents the average orientation for that set in
that region with north corresponding to north on the map. Permeability domains for each box are
represented by the black elipses or circles below the box. An open circle means that permeability
was probably isotropic due to the absence of a fracture network.
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areas throughout Lisbon Valley are highlighted to show the spatial variability of the average
orientation, timing of fracture development, and associated permeability domain at different
stages in its structural evolution. Area 1 (red) likely has the highest permeability relative to other
areas because it contains three fracture sets. Although Area 4 (green) also contains three fracture
sets, Set 3 fractures in this area are less abundant and have shorter visible trace lengths than Set
3 in Area 1, which likely leads to Area 4 having a slightly lower permeability. Early in the period
of Cenozoic extension, permeability is dominated by Set 1 fractures and fluid flow is focused in
a NW-SE direction in all areas of Lisbon Valley. Later in the Cenozoic extension period, Set 2
fractures develop and permeability throughout Lisbon Valley is no longer confined to a specific
direction.
3.3.2 Fracture Model Predictions
Fractures that were predicted using Move™ all fall within the ranges of fracture
orientations that were measured in the field and in aerial photos for their respective fracture sets.
Additionally, the relative fracture intensities that were predicted also seem to correspond to field
observations. For example, predicted fracture intensities in the Glen Canyon Group in the LCRA
show that the highest fracture intensity occurs near the highest point of the LCRA anticlinal
crest, and then decreases steadily to a very low intensity toward the northeast. In the field, the
same holds true. It was observed that fractures, regardless of the fracture set, were the most
abundant and most well developed near the LCRA anticlinal crest, and further to the northeast
fractures were poorly developed or not present.
When comparing fracture intensities in the Wingate Sandstone (Glen Canyon Group)
to the predicted fractures in the Glen Canyon Group in the LVA, results were somewhat
inconclusive. Move™ predicts the highest fracture intensities to occur in the central portion
of the Glen Canyon Group horizon. Fracture intensity calculations based on my aerial photo
interpretations show that high fracture intensities are spread relatively evenly over the entire
area, with areas of low intensity between the high intensity areas. However, fracture intensity
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results from the aerial photos would likely improve if parts of the Wingate Sandstone were not
obstructed by groundcover or effected by erosion.
Overall, the properties of fractures observed and measured in the field and in aerial
photographs are very consistent with the fracture properties calculated in Move™. This
compatibility builds confidence that the 3-D structural evolutionary model described in Chapter 2
is a viable interpretation.
3.3.3 Lisbon Valley Paleofluid System
The paleofluid system described here represents just a small portion of the potentially
larger paleofluid system that may have existed at Lisbon Valley. Constraints on the paleofluid
system are limited because only a small number of veins were observed throughout Lisbon
Valley, and because the ones that I did observe occurred only within the Honaker Trail
Formation. Despite these limitations, there are still important interpretations that can be made
based on the carbon and oxygen stable isotopic data that were obtained from vein and host rock
samples collected at five of my field stations.
Results show that vein-forming fluids at Stations 10 and 22 were completely fluid
buffered and likely come from an externally derived fluid source. Conversely, vein-forming
fluids at Station 20 were completely host rock buffered and were derived from fluids that
originated in the host rock or were from an externally derived fluid source, which then
equilibrated with the host rock before precipitating vein material. Vein-forming fluids at Stations
19 and 25 are host rock buffered with respect to carbon, but fluid buffered with respect to
oxygen.
When the isotopic values of the vein material from all five stations are plotted according
to vein orientations, veins that correspond to Set 2 joints plot in a single tight cluster whereas
veins that correspond to joint Sets 1 and 3 display a bimodal distribution. I propose that these
relationships are a product of local paleofluid compartmentalization. The geological map of
Lisbon Valley illustrates that Stations 10 and 22 are located on the southeastern side of a NW-
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SE trending (i.e., cross-strike) fault, whereas Station 20 is located on the northwestern side of
the same fault (Figure 3.33). These three stations all contain veins with orientations in Set 1,
Set 4, or both. The isotopic values at Station 20 show that the veins at this location formed in a
host rock buffered system while values at Stations 10 and 22 show that their veins formed in a
fluid buffered system. Additionally, Stations 19 and 25 are located on opposite sides of the same
fault and contain veins that are parallel to Set 2 joints. However, the isotopic signatures of vein
material from these stations are almost identical (Figure 3.37). Together these data suggest this
fault may have served as a barrier to lateral fluid migration, and that this barrier persisted for
only a portion of the local geological history.
Although the data are limited, they support the interpretation that the NE-SW trending
fault near the center of the anticline acted as a barrier to fluid flow in joints with orientations
consistent with Sets 1 and 4, and that it created two separate fluid compartments within the
Honaker Trail Formation in the LVA. It can also be interpreted that the NE-SW trending fault
did not act as a barrier to fluid flow in joints that correspond to Set 2. Based on cross-cutting
relationships, the NE-SW trending fault must have formed during or after the development of Set
2 joints in the LVA, and because the fault acted as a barrier to fluid migration, the fluid system
must be younger than the fault.

3.4 Conclusions

The goal of this work was to characterize the fracture network and paleofluid system
throughout Lisbon Valley. Previous work focused on the Lisbon Valley Fault and its associated
paleofluid system that was responsible for depositing copper and uranium ore. Although these
past studies are important for mining activities that are specific to the Lisbon Valley area,
they do not address the broader issues of fracture-controlled paleohydrology in the vicinity of
salt structures. At Lisbon Valley, fractures can be divided into sets based on their orientation
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measurements in the field and on aerial photographs. Timing of fracture development was
determined by observing fracture abutting relationships and compiling this information
according to structural position and geographic location, and then comparing it with the
structural history I developed in Chapter 2. In light of that information, I hypothesize that Set 3
fractures in the Honaker Trail Formation developed first during the growth of a salt pillow during
the passive diapirism stage of structural evolution (~300- 201 Ma). Set 1 joints developed second
in the LVA, LCRA, and northwestern closure during the Cenozoic Extension stage (~41- 24 Ma).
Set 2 in the LVA, LCRA, and the northwestern closure most likely formed last in the Cenozoic
Extension stage. Set 3 joints in the northwestern closure are not abundant enough to make a
clear interpretation regarding their development. However, a couple of outcrops show abutting
relationships that suggest Set 3 formed after Set 2, and that Set 3 joints in the northwestern
closure are unrelated to Set 3 joints in the Honaker Trail Formation in the southeastern LVA.
Fracture orientations and intensities predicted by Move™ matched well to field and
aerial photo data. The strong correlation of these data suggests that my 3-D structural evolution
of Lisbon Valley in Chapter 2 can be considered a viable interpretation. This also implies that
the same methods can be trusted to predict fractures in other stratigraphic horizons that are not
visible at the surface.
The paleofluid system at Lisbon Valley was interpreted using carbon and oxygen
stable isotopic analysis. Samples of vein and host rock material were collected in the field
from five field stations within the Honaker Trail Formation in the LVA. Results show that a
NW-SE trending fault compartmentalized fluids corresponding to joint Sets 1 and 4, but did
not compartmentalize fluids corresponding to joint Set 2. As Lisbon Valley’s fracture network
evolved, the permeability anisotropy as it pertains to the fractures changed as well, going from a
general NW-SE trend in the early Cenozoic extension stage to a more uniform pattern later in the
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Cenozoic Extension stage. The area (Area 1) corresponding to the approximate location of the
salt pillow during passive diapirism likely has the greatest permeability and potentially facilitated
paleofluid migration earlier than any other part of Lisbon Valley.

CHAPTER 4
SYNTHESIS AND CONCLUSIONS

This chapter summarizes the main conclusions that are drawn from my 3-D structural
restoration and analysis of Lisbon Valley’s fracture network. I will then discuss the relationship
of these conclusions to Lisbon Valley’s fracture-controlled paleofluid system. Finally, I provide
a critique of the methodology used to make the interpretations presented in this thesis and make
suggestions for possible improvement and future work.
4.1 Conclusions
Lisbon Valley’s structural evolution can be classified into two main deformational time
periods. The first period takes place between the late Pennsylvanian through late Triassic and
represents the passive diapirism stage. Passive diapirism was triggered by a prograding wedge
of sediment that was shed from the Uncompahgre Uplift to the northeast of the Paradox Basin,
causing a pressure gradient that drove the Paradox Formation evaporite sequence basinward.
During this time, a low relief salt pillow forms in the southeastern portion of modern-day Lisbon
Valley over a subsalt normal fault with the largest vertical throw in the region. A set of shear
fractures (Set 3) developed and is localized in the area of the salt pillow. The second period of
deformation takes place during the Cenozoic and is characterized as the reactive diapirism stage.
In this period, Laramide compression enhanced the relief of the salt pillow and subsequent
regional extension created the listric-shapped Lisbon Valley Fault. This triggered reactive
diapirism and produced the asymmetric salt roller seen today. Extension in the overburden
caused by the rising diapir was oriented NW-SE and NE-SW and resulted in the creation of a
strike-parallel and a cross-strike joint set (Sets 1 and 2) throughout Lisbon Valley.
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The fracture network predicted during the structural restoration generally matches
well with fracture measurements from the field and aerial photographs. This compatibility is
evidence that the sequence of events of the structural restoration is a viable interpretation of
Lisbon Valley’s structural evolution. Using my interpretation of Lisbon Valley’s fracture history,
I hypothesize that the permeability anisotropy changes through time and space according to the
fracture network evolution. During the passive diapirism stage, Set 3 fractures developed in the
area of the salt pillow and created a permeability domain oriented NNW-SSE, while permeability
was isotropic throughout the rest of the Lisbon Valley region due to the absence of fractures.
During the early part of the Cenozoic Extension stage, permeability is restricted to a general NWSE trend throughout the entire Lisbon Valley region. Finally, in the latter part of the Cenozoic
Extension stage, permeability becomes less restricted to a single direction as Set 2 joints form.
Stable isotopic analysis of vein and host rock material provides further evidence of the fracturecontrolled paleofluid system and suggests that a NW-SE trending fault compartmentalized fluids
in two of three adjacent fracture sets.
Overall, my study of Lisbon Valley demonstrates the value of including a 3-D structural
model and restoration into studies of fracture-controlled paleofluid system studies. The ability
to compare field measurements of fractures with model-generated predictions helps to boost the
confidence of fracture history interpretations and likely provides more accurate constraints to the
paleofluid system.
4.2 Critique of Methodology
The quality of a research project depends on the quality of the techniques and methods
used to conduct the research. In this section, I will discuss some of the aspects of this thesis that
could be improved upon in order to yield more accurate results or increase the amount of data
that can be used in analyses.
To properly perform a time-to-depth conversion of seismic data, a velocity model for the
seismic survey is needed. However, a velocity model was not provided with the seismic surveys
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used in this study. To combat this issue, I used a simplified time-to-depth conversion function
provided in Move™. The function assigns a constant seismic velocity to each stratigraphic layer
according to its lithology. Stratigraphic units like the Honaker Trail Formation contain sandstone
and limestone intervals, but only one lithology can be assigned to this layer for the time-todepth conversion. Assumptions like this reduce the accuracy of the time-to-depth conversion and
as a result, the depth of my interpreted horizons were likely off by some margin. Fortunately,
formation top data from wells allowed me to adjust for this error. However, to preserve the
amount of vertical throw along the subsalt faults, I decided not to adjust the top Mississippian
horizon. Therefore, the top Mississippian horizon is likely positioned at a greater depth in the
model than it is in reality. This also makes the Paradox Formation slightly thicker than it is in
reality. Evidence for this is seen on the well data in the cross sections shown in Appendix D.
Seismic Survey 2 provided important insights regarding the sub-salt fault geometry and
style as well as the geometry of subsurface stratigraphic horizons in the northwestern closure
of Lisbon Valley. However, I was unsuccessful importing this survey into Move™ and was not
able to use it in the construction of my 3-D structural model. The use of this survey would have
allowed me to extend my 3-D structural model further to the northwest and fracture predictions
could have been made in this area. This would likely improve my interpretations regarding the
formation of Set 3 fractures in the northwestern closure of Lisbon Valley. Additionally, a third
seismic survey exists within the LVA, covering an area that is not covered by the two surveys
used in this thesis. This survey is the most recent of the three surveys at Lisbon Valley, but
was not released to me by the company owning it. Incorporating this survey into the model
would provide information on the subsalt faults that likely exist in this area and provide better
constraints on the subsurface geometry of stratigraphic horizons in the LVA.
4.3 Future Work
The fracture region defined as the Northwestern Closure contains the least amount of
fracture orientation measurements and is consequently the least understood region of Lisbon
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Valley. This is mainly due to the relatively small sizes of outcrops in this area. In order to obtain
fracture measurements throughout the entire structure during my time in the field, only a certain
amount of time was spent in the Northwestern Closure. Therefore, more time is needed in the
field at this location to obtain more accurate constraints on the fracture network.
Additional fine-scale analysis of vein material is needed to constrain the paleofluid
system at Lisbon Valley. Petrographic and fluid inclusion microthermometric analyses were
not collected on my vein and host rock samples and represents a shortcoming of this study.
These data would provide additional information regarding the temperatures and salinities of
the paleofluids in the system and the style of vein growth. The addition of radiogenic strontium
isotopic data would provide a proxy for the determination of the relative ages of the vein-forming
fluids.
Another possible way to constrain the fracture-controlled paleofluid system in the LCRA
is to sample the veneer that was found on some of the joint faces in Sets 1 and 2. Petrographic
and geochemical analyses of veneer and host rock samples may provide information regarding
the formation of the veneer. If the veneer did in fact form as a result of fluid migration, it might
be able to constrain timing, distribution, and origin of fluids in this area.
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STABLE ISOTOPE RESULTS AND SAMPLING LOCATIONS

APPENDIX A
STABLE ISOTOPIC RESULTS AND SAMPLING LOCATIONS
•

Table A-1: Isotopic data collected from limestone intervals within the Honaker Trail Formation at Lisbon Valley.
• Multiple hand samples were collected at stations 10, 19, and 20. In the table, the
field station number is followed by the hand sample number in parentheses. Sample
Number refers to the corresponding powder drilled from the hand sample shown in
Figure A-1.

•

Figure A-1: Hand sample photographs showing the locations from which powders were
drilled for stable isotopic analyses.
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Table A-1- Stable Isotopic Data
Station'(Hand'Sample) Sample'Number Sample'Type Vein'Orientation δ 13C'vs.'PDB δ 18O'vs.'PDB
10#(1)
10#(1)
10#(1)
10#(1)
10#(1)
10#(1)
10#(1)
10#(1)
10#(1)
10#(1)
10#(1)
10#(2)
10#(2)
10#(2)
10#(2)
10#(2)
10#(2)
10#(2)
10#(2)
10#(2)
10#(2)
10#(3)
10#(3)
10#(3)
10#(3)
10#(3)
10#(3)
10#(3)
19#(1)
19#(1)
19#(1)
19#(1)
19#(1)
19#(1)
19#(2)
19#(2)
19#(2)
19#(2)
19#(3)
19#(3)
19#(3)
19#(3)
19#(3)

1
2
3
4
5
5#Replica
6
7
8
9
10
1
2
3
4
5
5#Replica
6
7
8
9
1
2
3
4
5
5#Replica
6
1
2
3
4
5
6
1
2
3
4
1
2
2#Replica
3
4

Host#Rock
Vein
Host#Rock
Vein
Vein#
Vein
Host#Rock
Vein
Host#Rock
Vein
Host#Rock
Host#Rock
Host#Rock
Host#Rock
Host#Rock
Host#Rock
Host#Rock
Vein
Vein
Vein
Vein
Host#Rock
Host#Rock
Host#Rock
Host#Rock
Host#Rock
Host#Rock
Host#Rock
Host#Rock
Host#Rock
Host#Rock
Host#Rock
Host#Rock
Host#Rock
Vein
Host#Rock
Vein
Host#Rock
Vein
Vein
Vein
Host#Rock
Host#Rock

N/A
Set#1
N/A
Set#1
Set#1
Set#1
N/A
Set#1
N/A
Set#1
N/A
N/A
N/A
N/A
N/A
N/A
N/A
Set#1
Set#1
Set#1
Set#1
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
Set#2#
N/A
Set#2#
N/A
Set#2#
Set#2#
Set#2#
N/A
N/A

No Signal

60.27
1.49
60.55
60.91
61.18
1.15
61.01
1.61
60.95
1.40
1.19
1.30
0.97
1.32
1.29
1.50
61.33
61.07
60.53
60.99
1.13
1.31
1.44
1.31
1.51
1.50
1.47
3.53
3.53
3.70
3.56
No#Signal
3.81
3.86
3.75
3.83
3.88
3.77
3.85
3.89
3.96
3.95

No Signal

612.79
65.94
613.51
612.43
613.06
66.52
612.59
66.20
612.83
66.52
66.30
66.33
66.26
66.84
67.14
67.10
612.82
612.37
612.65
612.57
66.11
66.40
66.10
65.98
65.67
65.87
65.47
66.32
66.40
66.17
66.75
No#Signal
65.47
612.55
65.74
612.68
65.41
613.15
613.23
613.03
66.52
66.36
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19#(3)
19#(3)
19#(3)
19#(3)
20#(1)
20#(1)
20#(1)
20#(1)
20#(1)
20#(1)
20#(1)
20#(1)
20#(1)
20#(1)
20#(2)
20#(2)
20#(2)
20#(2)
20#(2)
20#(2)
20#(2)
20#(2)
20#(2)
22
22
22
22
22
22
22
22
22
25
25
25
25
25
25
25
25
25
25
25
25

5
6
7
8
1
2
3
4
4#Replica
5
6
7
8
9
1
2
3
3#Replica
4
5
6
7
8
1
2
3
4
5
5#Replica
6
7
8
1
2
3
4
5
6
7
8
9
10
11
12

Vein
Host#Rock
Host#Rock
Vein
Vein
Host#Rock
Vein
Host#Rock
Host#Rock
Vein
Host#Rock
Vein
Host#Rock
Vein
Vein
Vein
Host#Rock
Host#Rock
Host#Rock
Vein
Vein
Host#Rock
Host#Rock
Host#Rock
Host#Rock
Host#Rock
Host#Rock
Vein
Vein
Host#Rock
Vein
Host#Rock
Host#Rock
Host#Rock
Vein
Vein
Host#Rock
Host#Rock
Vein
Vein
Host#Rock
Host#Rock
Vein
Host#Rock

Set#2#
N/A
N/A
Set#2#
Set#3
N/A
Set#3
N/A
N/A
Set#3
N/A
Set#3
N/A
Set#3
Set#1
Set#1
N/A
N/A
N/A
Set#1
Set#1
N/A
N/A
N/A
N/A
N/A
N/A
Set#3
Set#3
N/A
Set#3
N/A
N/A
N/A
Set#2#
Set#2#
N/A
N/A
Set#2#
Set#2#
N/A
N/A
Set#2#
N/A

4.02
3.78
3.83
3.78
3.67
3.60
3.61
3.71
3.64
3.07
3.92
3.24
3.62
2.09
4.38
4.32
3.46
3.37
2.78

212.35
26.83
26.39
213.15
27.57
26.81
28.13
26.69
26.81
27.29
26.13
26.83
26.58
212.57
27.08
27.16
26.58
27.01
28.18

3.80
3.96
3.74
0.23
20.34
20.63
21.09
20.58
20.54
20.12
20.61
20.05
0.15
0.15
0.07
0.15
0.08
0.27
0.34
20.05
0.50
0.15
0.05
0.20

25.97
26.76
26.97
27.29
29.17
27.88
28.14
214.02
213.71
27.62
214.18
27.04
26.45
26.70
213.96
214.10
28.42
26.95
213.72
213.91
27.24
27.24
211.51
29.09

4.00

-4.30
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Station 10, Hand Sample 1

2 cm

Station 10, Hand Sample 2

2 cm

Station 10, Hand Sample 3

2 cm

Station 19, Hand Sample 1

2 cm

161

Station 19, Hand Sample 2

2 cm

2 cm

Station 20, Hand Sample 1

2 cm

Station 19, Hand Sample 3

Station 20, Hand Sample 2

2 cm

162

Station 22

2 cm

Station 25

2 cm

Figure A-1- Photographs of each hand sample showing the locations from which powders were
drilled for stable isotopic analysis. Powders were drilled from within the black circles and are
labeled with a corresponding number.
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FIELD STATION LOCATIONS

Table B-1- Field Station Locations
Station

Latitude

Longitude

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

38.244693
38.24596
38.24655
38.24737
38.24861
38.24633
38.25385
38.24295
38.15202
38.15208
38.15307
38.15508
38.15852
38.15907
38.16077
38.158
38.19155
38.1949
38.18784
38.18723
38.18707
38.17338
38.18216
38.1788
38.17647
38.1718
38.16656
38.17904
38.18607
38.19463
38.20047
38.1218
38.12727
38.23643
38.22758
38.22082
38.21502
38.21152
38.20393
38.1967
38.16723
38.16293
38.20275
38.21232
38.22469
38.18331
38.16877
38.15356

)109.27033
)109.27393
)109.2748
)109.27412
)109.27676
)109.27409
)109.28007
)109.26386
)109.1472
)109.14848
)109.15614
)109.15507
)109.1618
)109.16315
)109.1583
)109.14144
)109.21732
)109.21859
)109.21722
)109.21578
)109.21452
)109.21916
)109.2249
)109.22376
)109.22183
)109.1574
)109.1516
)109.16418
)109.16985
)109.17837
)109.1887
)109.20105
)109.19346
)109.25258
)109.23168
)109.2169
)109.20826
)109.20142
)109.19405
)109.18396
)109.21195
)109.20466
)109.23624
)109.23906
)109.24537
)109.21216
)109.19627
)109.17217
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WELL LOCATIONS AND API NUMBERS

Table C-1- Well Locations and API Numbers
Well$Number API$Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

30005
30317
30382
11354
16219
31903
31829
31855
31838
31856
31827
31854
31907
30714
31853
50010
31862
30483
31843
31864
16220
31861
31831
31848
31883
31860
10942
20138
31834
10808
10807
13356
30029
10156
16248
16238
31351
15769
15123
15049
16244
16242
16251
31433
16245
31194
16469
16470
16250
11339

Latitude

Longitude

38.266231
38.248104
38.248097
38.25397
38.239464
38.251282
38.238762
38.241824
38.242794
38.237815
38.23159
38.23615
38.235483
38.225691
38.227532
38.215447
38.200525
38.196716
38.197423
38.191986
38.191388
38.188142
38.188741
38.183094
38.178496
38.174209
38.168773
38.158692
38.136165
38.144281
38.152506
38.172044
38.172876
38.180118
38.174197
38.176077
38.184202
38.186427
38.183017
38.183171
38.17686
38.181489
38.189467
38.190117
38.196016
38.194882
38.198065
38.20166
38.204937
38.212396

)109.332797
)109.336914
)109.327544
)109.279376
)109.275856
)109.233169
)109.239505
)109.228621
)109.220668
)109.222149
)109.230035
)109.215174
)109.205686
)109.217178
)109.203173
)109.188485
)109.181534
)109.181709
)109.176793
)109.171927
)109.166507
)109.168701
)109.163159
)109.158244
)109.154695
)109.15139
)109.130182
)109.136625
)109.108013
)109.195997
)109.188776
)109.1911812
)109.217884
)109.22716
)109.252418
)109.263732
)109.257374
)109.241633
)109.27785
)109.28654
)109.296261
)109.293538
)109.288762
)109.275936
)109.291053
)109.282572
)109.277141
)109.273414
)109.28671
)109.27734

* All API numbers begin with the prefix 43037.
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Figure D-1- Cross sections I constructed using MoveTM. These cross sections were then used to
create the 3-D structural model of Lisbon Valley.

